Heat Pipe Design Handbook: Volume I by Brennan, Patrick J. & Kroliczek, Edward J.
" ~· 
HEAT PIPE 
DESIGN HANDBOOK 
VOLUME I 
PREPARED FOR 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
GODDARD SPACE FLIGHT CENTER 
- GREENBELT ,MARYLAND 20771 
B&K ENGINEERING, INC. 
SUITE 825, ONE INVESTMENT PLACE 
TOWSON, MARYLAND 21204 
https://ntrs.nasa.gov/search.jsp?R=19810065690 2020-03-11T12:50:35+00:00Z
HEAT. PIPE DESIGM ,.HANJBOOK 
June 1979 
Prepared for 
National Aeronautics and Space Admfoistration 
Goddard Space Flight Center 
Greenbelt, Maryland 20771 
Under 
-·. ;.:-
Contract No. NAS~'iZ3406 
Prepared by -
B & K ENGlNEERI'Nt., INC. 
Suite 825, Orie:rnvestment·Place 
TQ\"SOn, Maryland 21204 
Co-Authored By: Patrick J. Brennan 
a~d Edward J. Kroliczek 
F O R W A R D 
This Handbook was prepared under NASA Contract NASS-23406, "Updating 
of a Heat Pipe Design and Applications Handbook." The work was administered 
by the ~oddard Space Flight Center, Greenbelt, Maryland, and Mr. Roy McIntosh 
was the NASA Technical Monitor. 
The program was conducted by B & K Engineering, Inc., Towson, Maryland, 
with Mr. Patrick J. Brennan serving as Program Manager and Mr. Edward J. 
Kro11czek as Principal Investigator. 
Spec1al thanks are due Mrs. Dolores M. Vassallo, who typed the entire 
manuscript; Mr. Nam Nguyen who developed the Heat Pipe Fluid Properties 
Program; and Mr. Hans U. Mair, who prepared many of the figures and coordinated 
the final preparation of the Manual. Thanks also go to Mr. Michael R. Huber 
who helped prepare the first draft. 
TABLE OF CONTENTS 
VOLUME I 
CHAPTER 1 : INTRODUCTrON • • 
1.1 
1.2 
HISTORY • • • ••• 
PRINC!PLES OF OPERATION 
1.3 . TYPES OF HEAT PIPES • • • • • • 
1.4 HEAT PIPE OPERATING TEMPERATURE RANGES • 
1.5 · ARRANGEMENT OF THE MANUAL • 
~f erences • • 
Nomenclature ••• 
CHAPTER 2: FIXED CONDUCTANCE HEAT PIPE THEORY • 
2.1 HEAT PIPE OPERATION • • • • • • • • 
2.2 FUNDAMENTAL CONSIDERATIONS • 
2.3 
2.4 
CAPILLARY PRESSURE • • • • .• • 
PRESSURE GRADIENTS IN THE LIQUID. 
. . ' . . . ~ 
2.4.1 Viscous Pressure Gradients in the Liquid ••• 
2.4.2 Body Forces in the Liquid 
2.5 PRESSURE GRADIENTS IN THE VAPOR • 
2.5.1 Viscous Pressure Gradients in the Vapor •• 
2.5.2 
2.5.3 
Dynamic Pressure Gradients in the Vapor 
Turbulent Flow and Compressibi1 ity Effects. 
• • • • 1 
• .. • 1 
3 
. . 4 
. . 5 
. . 5 
5 
8 
12 
• • • • • .. -· 12 
14 
• • • • 18 
• • • • 21 
• • • 21 
. . . i3 
• ~ 24 
• 25 
••• 25 
• 26 
2.5.4 Body Forces in the Vapor. • • • • • • • • • • • • • • 27 
2.6 CAPILLARY HEAT TRANSPORT LIMIT. • • • • • • • • • ••••• 27 
2. 6. 1 Genera 1 Approach • • • • • • • • • 27 
2.6.2 Heat Transport Requirement and Heat Transport Capability •• 32 
2.6.3 Closed Fonn Solution ••••• 
OTHER HEAT TRANSPORT LIMITATIONS • 
. . . . . . . . . . • 36 
2.7 
2.7.1 
2.7.2 
2.7.3 
Sonic Limit • • • 
Entrainment Limit 
Heat Flux Limit 
2.8 HEAT TRANSFER . . . . . . . . . . . . 
References . . 
1 
• 39 
. 39 
•••••••••• 41 
• 42 
• • • 44 
• 50 
TABLE OF CONTENTS (CONT!NUEDJ 
VOLUME I 
~ ,-
CHAPTER 3: VARIABLE CONDUCTANCE HEAT PIPE THEORY •• . . . . . . . . . . 52 
3.1 TECHNIQUES FOR VARYING HEAT PIPE CONDUCTANCE.' . . . . . . . 52 
3.2 VARIABLE CONDUCTANCE WITH GAS-LOADED HEAT PIPES . . . . . . . 58 
.. 
· 3 .2 .1 Flat Front Theory. . . . . . . . . . . . . • . . . 59 
3.2.2 Types of Gas-Loaded Heat Pipes . . . . . . . . . . . . 62 
3.2.3 Diffusion Effects. . . . . . . . . . . . . . . . . . . . . 69 
3.2.4 Gas Absorption Reservoir. 
. . . . . • . . . • . . . . . 73 
3.2.5 Transients with Gas-Controlled Heat Pipes. . . . . . . . . 74 
3.3 OTHER VARIABLE CONDUCTANCE HEAT PIPES . . . . . . . . . . . . . ·78 
3.3.1 Excess Liquid Heat Pipe. . . . . . . . . . . . . 78 
3.3.2 Liquid Flow Control . . . . . . . . . 80 
3.3.3 Vapor Flow Control. . . . . . 84 
References . . . . . . . . . . . . . . . . . . . 86 
CHAPTER 4: HEAT PIPE DESIGN • . . . . . . . . . . . . . . . . . . . . . . . . 88 
4.1. DESIGN PROCEDURE • . . . . . . . . . . . . . . . . . . . 88 
. -~ .... 
4.2 PROBLEM DEFINITION ANO DESIGN CRrTER!A. . . . . . . . . . . . . 89 r 
4.2.1 Operating and Non-Operating Thennal Environment . . . . 91 
4.2.2 Thennal Load • . . . . . . . . . . . . . . . 91 . 
4.2.3 Transport Length. . . . . . . . . . . . . . 91 
4.2.4 Temperature Uniformity and Overall Temperature Drop 92 
4.2.5 Physical Requirements . . . . . . . . . . . . . . . 92 
4.2.6 Acceptance and Qualification Testing. . . . . . . . . . . . 92 
4.2.7 Dynamic Envfro~ent . . . . . . . . . . . . . . . . . . 92 
.. 
4.2.8 Man Rating. . . . . . . . . . . . • . . . . . . . . 92 
4.2.9 Thermal/Mechanical Interface • . . . . . . . . . . 93 
4.2.10 Transient Behavior. . . . . 93 
4.2.11 Reliability . . . . . . . . . . . . . . . . 93 
4.2.12 Temperature Control Sensitivity. . . . . . . . 94 
4.3 WORKING FLUID SELECTION . . . . . . . . . . . . . . . . . 94 
4 .3.1 Operating Temperature Range. . . . . . . . • 108 
4.3.2 Liquid Transport Factor. . . . . . . . • 108 
l 
4.3.3 Liquid Wicking Capability in a Body Force Field, • 109 _./ . . . . 
11 
. Ill 1: 
4.4 
4.5 
4.6 
4.3.4 
4.3.5 
4.3.6 
4.3.7 
TABLE OF CONTENTS (CONTINUED) 
VOLUME I 
Kinematic Viscosity Ratio •••••••• 
Pressure Containment 
Heat Transfer ....• 
Fluid Compatibility. • 
• • • • 109 
.. 110 
, , , , 112 
WICK DESIGN ••••••••• . . . . . . . . . . . .. . . . . 
• 113 
.. 116 
4.4 .1 
4.4.2 
4.4.3 
4.4.4 
4.4.5 
4.4.6 
Basic Properties 
Typ1cal Wick Designs • 
. . . . . . . . . . . . . . . • 116 
Methods for Priming Composite Wicks. 
Typtcal Secondary Wick Designs • 
Thennal Conductance •• 
Wick Fabrication • 
CONTAINER DESIGN • . . . . . . . . . . . . . • 
4.5. l Material Selection • . . . . 
4.5.2 Structural Considerations. . . . . . . 
4.5.3 Interface Design . . . . . . . . . . . 
FIXED CONDUCTANCE HEAT PIPE DESIGN PROCEDURE. 
References ••••• . . . . . . . . 
. . . . . . . • 130 
• 145 
153 
. . . . . . . . 
• • • • • • 157 
. . . . 160 
. . • . . . . • 161 
. . . . • 161 
. . . . . . • 166 
. . . . . . . . . . • 180 
. . . . . . . . • 189 
• 191 
CHAPTER 5: .. SAMPLE DESIGN PROBLEMS • • • • • • • • • • • • • • 
5.1 SAMPLE PROBLEM A - FIXED CONDUCTANCE HEAT PIPE • 
. . . ., . . • 194 
• • • • l94 
5.1.l Step_#l - Problem Definition and Design Criteria • . . . . . • 194 
5.1 .2 Step #2 - Working Fluid Selection. 
5.1.3 
5.1.4 
Step #3 - Wick Design Selection ••• 
Step #4 - Container Design Selection 
• 196 
• 196 
. . . . . . . . • 202 . 
5.1.5 Step #5 - Evaluate Hydrodynamic Performance Limits ••••• 203 
5.1 .6 Step #6 - Establish Heat Transfer Characteristics. • • 214 
5.1.7 Step 17 - Pressure Containment 
5.1 .8 Step #8 - Design Selection •• 
111 
• 216 
• • • • 221 
TABLE OF CONTENTS {CONTINUED) 
VOLUME I 
5.2 SAMPLE PROBLEM B -- VARIABLE CONDUCTANCE HEAT PIPE. 
5.3 
5.2.1 Step #1 - Problem Definition and Design Criteria .• 
5.2.2 Step #2 - Fixed Conductance Heat Pipe Design Surm1ary. 
Step #3 - Reverse Conductance .••••.••••• 
5.2.4 Step #4 - Reservoir Sizing; Maximum Sink• -30°C 
5.2.5 Step #5 - Reservoir Sizing; Maximum Sink• -10°C 
SAMPLE PROBLEM C -- GRAVITY ASSIST HEAT PIPE •• · •• , • 
• 223 
• • 223 
223 
• 223 
.•• 225 
.... 225 
• 227 
5.3.1 Step #1 - Problem Definition and Design_Criteria 227 
5.3.2 Step #2 - Heat Pipe Design Surrmary ••••••••••••• 227 
5.3.3 Step #3 - Evaluated Hydrodynamic Performance Limits. • 227 
5.3.4 Step #4 - Other Heat Transport Limitations 
CHAPTER 6: HEAT PIPE MANUFACTURING .• 
6. 1 HEAT PIPE CONSTRUCTION 
6.Z MANUFACTURING FLOW PLAN 
6.Z.1 Cryogenic Heat Pipes 
6.3 
6.2.2 
6.2.3 
Liquid Metal Heat Pipes •• 
Thennal Control Heat Pipes 
COMPONENT FABRICATION ANO PROCESSING 
6.3.1 Envelope Preparation 
. . . . . . . 
. . . . 
6.3.2 Wick Preparation . . . . 
6.4 
6.3.3 End Closures. . . . . . 
6.3.4 Working Fluid. 
HEAT PIPE PROCESSING ANO FABRICATION 
6.4.1 Cleaning ••••.••••• 
6.4.2 Heat Pipe Assembly and Closure 
6.4.3 
6.4.4 
Evacuation and Charging. 
Charge Tube Pinch-Off .• 
. . . . 
. . . . 
. . . . . . . 
. . . . . . 
References • • • • • • • -• . • . . . 
iv 
• 230 
• 232 
•• 232 
, 236 
• 239 
• 239 
219 
239 
• 240 
240 
• 241 
242 
242 
242 
252 
• • 253 
257 
257 
~ 
) 
1~ 
I 
_) 
TABLE OF CONTENTS (CONTINUED) 
VOLUME I 
CHAPTER 7: MATERIALS COMPATIBILITY • . . 
PAGE 
258 
•• 258 7 .1 
7.2 
7.3 
LOW TEMPERATURE CORROSION •• 
HIGH TEMPERATURE CORROSION •• 
7.2.1 . Oxygen Corrosion • . . . . . . 
7.2.2 Simple Solution Corrosion. 
EXPERIMENT RESULTS 
References ••• . . . . . . 
. . . 
• • • • I 'I I t • . . . 
262 
262 . . . . . 
. . . . . . 
. . . 
. . . . . 
. . . . •• 262 
•• 263 
. . . 273 
CHAPTER 8: HEAT PIPE TESTING •.•••••• . . . . . . . . . . . . . . . 275 
275 
275 
8.1 
8.2 
8.3 
HEAT PIPE COMPONENT TESTS. . . . . . . . . . . 
8.1. l Fluid Properties Tests •• . . . . . . . . . . . . 
WICK PROPERTY TESTS •••••••• 
Effective Pumping Radius 
Penneability •••••• 
. . . . . . . . • 280 
. . . . . • 280 8.2. l 
8.2.2 
8.2.3 Composite Wick Effective Capillary Pumping •• 
• • 284 
286 
CONTAINER DESIGN VERIFICATION TESTS ••• 
8.3.1 
8.3.2 
Hydrostatic Pressure Testing 
Leak Testing •• . . . . 
. . . . . 
. . . . . . 
288 
288 
290 
8.4 THERMAL PERFORMANCE TESTS • • • • • • • , • • • • • • • • • • • Z97 
8.5 
8.4 .1 
8.4.2 
Test Procedure and Data Reduction 
Test Apparatus •• 
. . . . . ••• 297 
. . . . . ••••• 302 
THERMAL CONTROL TESTS • • . . . . . . . . . . . . . . . . •• 308 
• • 308 8. 5. 1 Gas-Loaded Heat Pipes • . • • • • • , • 
References . ....•• , ••• , •••••••• • • • • • • • • • 316 
CHAPTER 9: APPLICATIONS •• , ••••• , • , • , • , , • , • • • , , • , • • • • 318 
9.1 AEROSPACE • t • t t t t I t I • • t t I • t I Ill I I t I t • • 318 
9. 1.1 Flight Experiments -- Sounding Rockets • . • • • . . . 318 
9. 1.2 Flight Experiments -- Spacecraft • . . . . . • . . . . . . . 321 
9. 1.3 Flight Experiments -- Shuttle . . . . . . • . . . . . . . • 322 
9. l.4 Spacecraft Applications . . . • • . • • • . • . • • • • • • 325 
V 
9.2 
TABLE OF CONTENTS (CONTINUED) 
VOLUME I 
TERRESTRIAL . • • • . • • • . . • 
9.2.1 Pennafrost Stabilization ' . . . . . 
9.2.2 Deicing Systems . . . . . . . 
329 
332 
332 
9.2.3 Heat Recovery •• . . . . . . . . . . . . . . . 
9.2.4 
9.2.5 
Electronic and Electrical Equipment. 
• • 335 
336 
Solar Collectors • • . . -. . . . . . . . . . . 
9.3 SPECIAL TYPES OF HEAT PIPES • . . . 
9.3.1 Flat Plate Heat Pipe . . . . . . . . . . . . . . . . . . . 
9.3.2 Flexible Heat Pipe • . . . . . . . 
9.3.3 Electrohydrodynamic Heat Pipe. . . . . . . . . 
9.3.4 Osmotic Heat Pipe ••• . . . . . . . . . 
9.3.5 Rotating Heat Pipe . . . . . 
References 
CHAPTER 10: BIBLIOGRAPHY 
···················•·41·•···· 
,,.,.,,,,.,,.,, ............ . 
Subj.ct Inde:t: (Vo 1 umes I and II} 
• • • 
VOLUME II 
CHAPTER 1: FLUID PROPERTIES, • 
References • • 
. . . . . . 
• • • " ' ' .. . . . . ~ ' 
. . . . . . . . . 
. . . . . . 
CHAPTER 2: COMPUTER CODES 
References • 
. . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . 
APPENDIX A. International Scientific Units and Conversion 
Factors . . . . . . . . . . . . . , . . . . 
339 
341 
341 
341 
344 
344 
347 
349 
351 
369 
1 
22 
23 
26 
27 
APPENDIX B. User's Manual for Heat Pipe Fluid Properties Program 32 
APPENDIX 8-1. Program Listing for Heat Pipe Fluid Properties 
Program . . . . . ~ ._ . • . • • . . • . . • . . 43 
APPENDIX C. Tabulated Fluid Property Data • • • • • • • • • • • • • • • 54 
vi 
!fl II 
.. 
-\. 
I 
'~../ 
ILLUSTRATIONS 
VOLUME T 
Figure 
1-1 Schematic Representation of Heat Pipe Operation. . . . • • • • • • • 4 
2-1 Schematic Diagram of the Principle of Operation of a 
2-2 
2-3 
2-4 
2-5 
2-6 
2-7 
2-8 
3-1 
3-2 
3-3 
Heat Pipe • . • • • • • • . • • • • • • • • • • • • • • • • • 13 
Principal Radii of Curvature of Liquid-Vapor Interface 
Model of Heat Pipe Hydrodynamics •••••••• . . . . . 
• • • 15 
• 15 
Effective Pumping Radius in Circular Capillary •••••• 
Effective Pumping Radius in Open Groove. 
· Trapezoidal Groove Geometry ••••••••• 
Conventional Heat Pipe with Uniform Heat Loads 
Thennal Model of a Fixed Conductance Heat Pipe 
Conductance Model of Heat Pipe .••••• 
Gas Loaded Variable Conductance Heat Pipe. 
Schematics of Excess-Liquid Heat Pipes •• 
. . . . . 
. . . . 
I I I I I I 
. . . . 
• • , • 19 
• 19 
•• 23 
•• 37 
45 
53 
. 54 
. 54 
3-4 Schematics of Liquid-Flow Modulated Heat Pipes • • • • 57 
3-5 Schematics of Vapor-Flow Modulated Heat Pipes .•••••••••••• 57 
3-6 
3-7 
3-8 
3-9 
Distribution of Gas and Vapor in a Gas Controlled VCHP 
Self-Controlled VCHP with a Wicked, Uncontrolled Reservoir ••• 
VCHP with Reservoir Thermally Coupled to the Evaporator. 
Temperature Distribution in the Condenser for Flat Front 
and Di ff use Front Mode 1 s • • • • • • • • • • • • • • • 
60 
• 64 
..• 68 
. 69 
3-10 Effect of Axial Wall Conduction on the Condenser Temperature 
Prof;le .. 4 ......................... , •• 71 
3-11 Effect of Working Fluid on the Condenser Temperature Profile 72 
3-12 Effect of Operating Temperature on the Condenser Temperature 
Pro fi 1 e . . • . • • • • • • • • • • • • • • • • , • , • , • • • • • 72 
3-13 
3-14 
3-15 
3-16 
Transient Response of Heat Source with Feedback Controlled 
Heat Pipe .••.•••••••••••.•••••.•• 
Variable Conductance through Condenser Flooding with Liquid. 
Liquid Trap Diode Operation .••• 
Liquid Blockage Diode Operation •• 
. . . . . . . . . . . . 
• 77 
• .• 79 
• • 81 
. . . . . . . . . . •••• 82 
v11 
. . . . . . . 
. . . . . . 
. . . 
Figure 
3-17 
3-18 
3-19 
3-20 
4-1 
4-2 
4-3 
4-4 
4-5 
4-6 
4-7 
4-8 
4-9 
Liquid Blockage of Vapor Space • • • • • 
Liquid Blockage with a Blocking Orifice. 
Vapor Flow Control using External Signal 
Self-Controlled Vapor Modulated Heat Pipe. 
Schematic of Heat Pipe Design Procedure. . . . . . . . . . . . . 
Liquid Transport Factor: Group 1. 
Liquid Transport Factor: Group 2, 
. . . . 
I • • e • • • 
Liquid Transport Factor: Group 3 •••••• . . . . . . . . . 
Wicking Height Factor: Group 1 ••• 
Wf ckin'g Height Factor: Group 2 • • • 
Wicking Height Factor: Group 3 ••• 
. . . . . . . . . . . . . . 
. . . . . 
. . . . . . . . 
Kfnematic Viscosity Ratio: Group 1 ••••••• 
Kinematic Viscosity Ratfo: Group 2 •• 
. . . . . . . . 
. . . . . 
4-10 Kinematic Viscosity Ratio: Group 3 . . . . . . . . . . . 
4-11 Saturated Vapor Pressure: Group 1. . . . . . . . . . . . 
4-12 Saturated Vapor Pressure: Group 2. . . . . . . . . . . . 
4-13 Saturated Vapor Pressure: Group 3. . . . . . . . . . . . 
4-14 Liquid Thennal Conductivity for Several Heat Pipe Working 
Fluids at Saturated State ••••••••• , ••••• 
4-15 Nucleation Tolerance Factors of Several Corrmonly used 
Working Fluids •••••••••••••••••• 
4-16 Effe<:t of Gas Build-Up on Temperature Unifonnity of Heat 
. 
. 
. 
. 
Pipe . . . • • • . • • • • • • . • . . • • • • . • • 
. 
. 
. 
. 
4-17 Typical Capillary Designs •••••••••••••••••• 
. . . . 
. . . . 
. . . . 
. . .. . 
Page 
83 
84 
85 
85 
89 
96 
97 
98' 
99 
100 
101 
102 
103 
104 
105 
106 
107 
112 
114 
115 
117 
4-18 (f,Re} vs. Aspect Ratio for Fully Developed Laminar Flow 
in Rectangular Tubes • • • • • • • • • • • • • • • • • • • • • • • 121 
4-19 (f,Re} vs. Aspect Ratio for Fully Developed Laminar Flow 
in Circular Annuli •. , •••••• , • • • • • • • • • • 121 
4-20 Typical Wick Designs. • • • • • • • • • • • • • • • • • • • • • • • • 131 
4-21 
4-22 
4-23 
4-24 
4-25 
4-26 
Typical Wick Area vs. _Flow Optimization ••• Homogeneous Wicks . . . 
. . . . . . . Typical Axially Grooved Heat Pipe Designs 
Liquid-Vapor Interface fn Arteries •.•••• . . . . . . . . 
Subcooling'Section in a Pressure-Primed Wick .••••• . . 
Menisci Coalescence for Arterial Venting .•.. . . . . . 
Minimum Pore Diameter 'D"p vs. Stress !with the Foil 
Thickness as a Parameter •••••••••••• . . . . . . . . . 
viii 
Ill r 
138 
142 
144 
147 
149 
150 
} 
_j 
Figure 
4-27 Schematic of Jet Pump Assisted Arterial Heat Pipe .•• , • , , •• , 152 
4-28 Schematic of a Typical Secondary Wick . • . • • • , • 154 
4-29 Resistance Model for a Heat Pipe's Wick System. . • , . 154 
4-30 Ultimate Tensile Strength of Several Solid Materials. • • 163 
4-31 Material Weight Parameter Versus Temperature for Several Heat 
Pipe Materials .•.•••.••••••••••••••••••• 163 
4-32 Thennal Conductivity of Various Metals at Low Temperatures. . • • 167 
4-33 
4-34 
4-35 
4-36 
4-37 
4-38 
4-39 
4-40 
4-41 
. 4-42 
4-43 
4-44 
4-45 ' 
5-1 
Thennal Conductivity of Several Solid Materials 
• II • • II • 
... 
Density of Several Solid Materials •• 
. . . . . . Heat Pipe Envelope Design Curves •• 
End Cap Design Detail •••••••• . . . . . . 
End Cap Design Curves, 606l-T6 Aluminum (as Welded) 
End cap Design Curves, 304 Stainless Steel (as Welded} •• 
•• 168 
• • • • • 168 
• 171 
• • • • • 175 
• 176 
• 177 
Typical Fill Tube Design •••••••• • • 41 • • • • 178 
Sketch of Heat Flow Through a Heat Pipe 
Typical Uniform Heat Source/Sink Interface. 
Typical Non-Uniform Heat Source/Sink Interface .• 
. . . . 
Schematic of Heat Pipe with Non-Uniform Heat Source/Sink 
, • • • • • 178 
• • • • 181 
• 183 
Interface . . . . . . . . . . . . . . . . . . . . . . . . . •• 188 
Typical Heat Pipe Interface Nodal Model •••• ; • 
Heat Load Distribution in an Axially Grooved Tube ••• 
. . . 
Sample Problem A - Fixed Conductance Heat Pipe Configuration, 
• • • 189 
• • 190 
• • 194 
5-2 Sample Problem A - Wick Design Options. , •• , •••••• , ••• • 197· \ 
5-3 
6-1 
6-2 
6-3 
6-4 
6-5 
Axially Grooved Heat Pipe • • • • , • • , , 
Typical Components of a Heat Pipe •• 
Gas-Controlled Variabl~ Conductance Heat Pipe 
...... , ...... • 224 
_ 23S 
. . ' . ' ' 
. . . . 
•• 235 
• 237 
238 
Typica 1 Wick Designs • • • • • • • • 
Heat Pipe Manufacturing Flow Chart. . . . . . . . . . . . . . . . . . 
Typical End cap Weld Joints ••••• • 254 
6-6 Flow Chart--Heat Pipe Evacuation and Charging • • • • • • • • 256 
6-7 Schematic of Heat Pipe Evacuation and Charging Station •••••••• 256 
ix 
Figure 
8-1 Schematic of Tilting Plate Method for Contact Angle 
Measurement . . . • . .. • • • • • • • . • .. • .. .. 
' ' . .. ' . . . 
8-2 Schematic of Optical System for Contact Angle Measurement . . . . 
• 276 
277 
8-3 Gravity Reflux Compatibility Test Capsule • , . , • • • • • 279 
8-4 Variations in Measured Wicking Height as a Function of 
Measurement Technique in Non-Uniform Wick Material , ....••• 281 
8-5 Advancing Liquid Front Test Set-Up for Determination of 
r P and K . . • . . • . • . • . • . . . • • . . • • • • 
8-6 Forced Flow Permeability (K) Measurement Apparatus •.. 
8-7 Test Set-Up for Determination of Permeability by Gravity Flow 
8-8 Heat Pipe Wick Static Pressure Test Set-Up .• 
8-9 
8-10 
Hydrostatic Pressure Test Set-Up - Gas ••• . . . . 
Hydrostatic Pressure Test Set-Up - Liquid . . . . . . . . . 
8-11 Leakage Rates , ••••••••••••.• 
8-12 Helium Leak Detection Techniques: Pressurized Pipe • 
8-13 Helium Leak Detection Techniques: Evacuated Pipe •• 
8-14 
8-15 
Helium Leak Detection Techniques: Charged Pipe . 
General Leak Detection for any Working Fluid, 
·8-16 Typical Heat Pipe Performance Test Set-Up •. 
8-17 Typical Temperature Profiles Along a Heat Pipe Under Test. 
8-la 
8-19 
8-20 
8-21 
Heat Pipe Temperature Drop versus Applied Heat Load. 
Maximum Heat Load versus Elevation .••• 
Types of Evaporator/Condenser Test Set-Ups 
. . . . . 
Thermal Control Heat Pipe Configurations and Set-Up for 
Cryogenic Tests ..•.••.•••••••••••• 
283 
285 
286 
• • 287 
289 
•• 289 
• • 290 
• • • 292 
• • 293 
• • 294 
, , 295 
297 
, 298 
299 
, • 299 
• 303 
306 
8-22 Typical Liquid Metal High Temperature Heat Pipe Test Set-Up .•••• 308 
. 
8-23 Gas-Controlled Heat Pipe Test Set-Up . . . . . • • • • • • • • 309 
8-24 Typical Temperature Profile for a Gas-Controlled Heat Pipe • • • 310 
8-25 
8-26 
9-1 
9-2 
9-3 
9-4 
Typical Liquid Trap Diode Heat Pipe Test Set-Up. 
Typical Liquid Trap Diode Temperature Profile •• 
Ames Heat Pipe Experiment (AHPE) •.••••• 
Advanced Thermal Control Flight Experiment (ATFE). 
Heat Pipe Experiment Package (HEPP) ..•....• 
. . . . . 
,Typical Application of Transverse Flat Plate Heat Pipe .• 
X 
Ill I! 
, 313 
• 315 
•• 323 
•• 324 
• • 326 
•• 327 
't 
,) 
figure 
9-5 
9-6 
9-7 
9-8 
9-9 
9-10 
9-11 
9-12 
9-13 
9-14 
9-15 
9-16 
9-17 
9-18 
9-19. 
9-20 
9-21 
9-22 
9-23 
Primary Thermal Control System Schematic. 
Conmunications Technology Satellite ••• 
I.U.E. Heat Pipes on Lower Deck of the Spacecraft 
Heat Pipe Thermal Control Canister •.• 
Heat Pipes·on Trans-Alaskan Pipeline .• 
Highw~y Ramp Heat Pipe Deicing System 
Highway Bridge Heat Pipe Deicing System 
Solar Powered Airport Runway Heat Pipe Deicing System 
Heat Pipe Heat Exchanger • • . 
High Power Heat Sink Structure. 
Heat Pipe Heat Exchanger for Electronic Cabinet Cooling 
Solar Electric Power Generation Station Using Heat Pipes 
at the Focal Axes of Parabolic Reflectors .•.•.•• 
Cross Section of a Flat Plate Solar Collector that uses 
Heat Pipes • • • • • ••. 
Flat Plate Heat Pipe •• 
Flexible Heat Pipe .• 
Schematic of an EHO Heat Pipe 
EHO Flat Plate Heat Pipe• , 
Simple Osmotic Heat Pipe• 
Simple Rotating Heat Pipe •••• 
x1 
. . . " . ,, . . . . . . .. 
328 
330 
330 
, , 331 
• 333 
• 333 
, , 334 
· 334 
• 337 
•• 33A 
• 338 
340 
• 340 
• ••• 342 
• 343 
. . . • • 345 
• 345 
347 
• 348 
Figure VOLUME II Page 
- -..__ 
1-l Saturated Vapor Pressure: Group l . . 4 
1-2 Saturated Vapor Pressure: Group 2 . . . . 5 
1-3 Saturated Vapor Pressure: Group 3 . . . . . 6 
1-4 Kinematic Viscosity Ratio: Group l . . . . . . . . . . . . 7 
1-5 Kinematic Viscosity Ratio: Group 2 . . . . . . . . . . . . . 8 
1-6 Kinematic Viscosity Ratio: Group 3 . . . . . . . . . . . . . . . . . 9 
t-7 · Wicking Height Factor: Group 1 . . . . . . . • . . . . . . . . 10 
1-8 Wicking Height Factor: Group 2 . . . . . . . . . . . . . . . . . 11 
t-9 Wicking Height Factor: Group 3 . . . . . . • . . . . . . . . . . . . 12 
1-10 Liquid Transport Factor: Group 1 . . . . . • . . • • . . . . 13 
1-11 Liquid Transport Factor: Group 2 . . . . . . . . . . . . . . . . 14 
1-12 Liquid Transport Factor: Group 3 . . . . • . . . • . . . . 15 
B-1 Main Program . . . . . . . . . • • . . . . . . . . . . • . . . . . 36 
B-2 Subroutine FITPRO . . . . . . . . . • • • . . . • . . . • . . . . . . 36 
" 
l~ 
B-3 Subroutine LSQPOL 37 i . . . . . . . . . . . • . . . . • • . . • . . . . . _.,, 
B-4 Subroutine SYMPOS . . . . . . . . . . . . . . . . . • . . . . . . . . 38 
8-5 Subroutine ERROR . • . • . • . • • • • • • • . • • . • • • • • I • . . 38 
j 
xii 
IIIT" 
1 - 1 
3-1 
4-1 
4-2 
4-3 
4-4 
4-5 
4-6 
4-7 
4-8 
4-9 
4-10 
4-11 
4-12 
4-13 
4-14 
4-15 
5-1 
5-2 
5-3 
5-4 
5-5 
5-6 
6-1 
6-2 
6-3 
6-4 
6-5 
Major References .. 
TABLES 
VOLUME I 
Room Temperature Liquid-Gas Combinations having High Solubility 
Problem Definition and Design Criteria •.•••• 
Selected Properties of Heat Pipe Working Flufds 
Constants for the Beattie-Bridgeman Equatfon of State 
_Generalized Results of Experimental Compatibility Tests 
Capillary Properties • • • • • • • • • • • 
Experimentally Determined Wick Properties 
Wick Selection Criteria ••••••••• 
Properties of Typical Homogeneous Wicks 
Typical Axially Grooved Heat Pipe Performance 
Typical Heat Transfer Coefficients for Heat Pipes 
Container Material Fabrication Properties •• 
3 
75 
90 
95 
• • • 111 
115 
• 118 
• 122-9 
••• 132 
136 
. • 141 
. . 159 
164 
Maximum Allowable Stresses. 
Hoop and Axial Stresses 
Stress Checklist ••• 
. . . . . . . . . . .. . . . . . . • • 165 
. . . . . 
Tube Bend Radii • 
Properties of Selected Fluids 
Material Compatibility .••••• 
Properties of the Wick Design Option .• 
Properties of Candidate Container Material. 
Wick Design Properties Sumnary. 
Heat Pipe Design Su11111ary • 
Heat Pipe Manufacturers •• 
Heat Pipe Materials Suppliers 
Reconmended Cleaning Procedure for Aluminum Tubes 
Examples of Non-Etch Alkaline Cleaners ••••••• 
Examples of Chromated Deoxidizer Solutions (Inmersion 
Type) • • . • • • • • • • • • . • . • • • • • • • • 
xiii 
• • 170 
172 
173 
195 
195 
198 
202 
• 218 
222 
233 
• •• 234 
248 
249 
I!lli. 
6-6 
6-7 
7-1 
7-2 
7-3 
7-4 
8-1 
8-2 
8-3 
9-1 
9-2 
1-1 
1-2 
1-3 
Reco11111ended Cleaning Procedure for Sta tn 1 ess Stee 1 Tubes· 
Examples of Passivating Solutions •••••.• 
General Compatibility Problems in Heat Pipes. 
. . . . . . . 
Relative Electrochemkal Activity of some Conmon Materials 
Relative to Hydrogen •••..•••••••••••• 
Generalized Results of Expertmental Compatibility Tests .• 
Heat Pipe Life Test Data ••••• 
Variables Affecting Heat Pipe Compatibility Testing •• 
.. 
. . . . 
. . . . . 
Surrmary of Leak Detection Techniques ••••••••••••• . . . 
Copper Sulfate/Ethylene Glycol Leak Detection Method for 
NH3 Heat Pipes . . • • • • • • . • • • • • • • • • • • 
Page 
• 251 
• 251 
259 
• 261 
• 264 
• 265-72 
• 279 
• 291 
• 296 
Heat Pipe Applications •••••• 
International Heat Pipe Experiment 
. . . . . . . . . 319 
VOLUME II 
Selected Properties of Heat Pipe Working Fluids. 
Extrapolated Property Data ••••••••••• ·• 
Constants for the Beattie-Bridgeman Equation of State 
• 321 
. . . . . . . . . . 
. . . . . 
2 
16 
• • · • · 19 
1-4 Tabulated Properties • • • • • • • • • • • • • • • • • • • • • • • • • 20 
1-5 
2-1 
Average Percentage Error for Fluid Property Data ••• 
• • • • • • 21 
Heat Pipe Computer Codes • · • • • • • • • • • • • • • • • • • • • 24 
A-1 Comnon Units of the International Scientific System ••••••••• 28 
A-2 
B-1 
Conversion Factors , • •• 
Input Data Description. 
... . . . . . . . . . . . . 
• • • • 29 
. . . . . . . . . . . . . . . . 42 
xiv 
l!l IT 
• 
CHAPTER 1 
INTRODUCTION 
1. 1 HISTORY 
In 1944, Gaugler (1) patented a lightweight heat transfer device which was essentially 
the present heat pipe. However, the technology of that period presented no clear need for such 
a device and it lay donnant for two decades. The idea was resurrected in connection with the 
space program, first as a suggestion by Trefethen (2) in 1962 and then in the fonn of a patent 
application by Wyatt in 1963. It was not until Grover and his co-workers (3) of the Los Alamos 
Scientific Laboratory independently invented the concept in 1963 and built prototypes that the 
impetus was provided to this technology. Grover also coined the name "heat pipe" and stated, 
"With certain limitations on the manner of use, a heat pipe may be regarded as a synergistic 
engineering structure which is equivalent to a material having a thermal conductivity greatly 
exceeding that of any known metal." 
The first heat pipe which Grover built used water as the working fluid and was followed 
shortly by a sodium heat pipe which operated at 1100°K. Both the high temperature and 
ambient temperature regimes were soon explored by many workers in the field. It was not until 
1966 that the first cryogenic heat pipe was developed oy Haskin (4) of the Air Force Flight 
Dynamic Laboratory at Wright-Patterson Air Force Base. 
The concept of a Variable Conductance or Temperature Controlled Heat Pipe was first 
described by Hall of RCA in a patent application dated October 1964. However, although the 
effect of a non-condensing gas was shown in Grover's original publication, its significance 
for achieving variable conductance was not inmediatly recognized. In subsequent years the 
theory and technology of gas controlled variable conductance heat pipes was greatly advanced, 
notably by Bienert and Brennan at Dyn~therm (5) and Marcus at TRW (6 ). 
On April 5, 1967, the first 11 0-9 11 demonstration of a heat pipe was conduct~d by a 
group of engineers of the Los Alamos Scientrfk Laboratory. This first successful flight 
experiment overcame the initial hesitation that many spacecraft designers had for using this 
new technology to solve the ever-present temperature control problems on spacecraft. 
Subsequently, more and more spacecraft have relied on heat pipes either to control the 
temperature of individual components or of_ the entire structure. Past examples of this trend 
are the OAO-C (7) and ATS-6 (8) spacecraft. Current applications include heat pipe 
isothermalizers for the I.U.E. (9) and gas-controlled heat pipes on the CTS (10). 
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A number of different types of fixed conductance and variable conductance heat pipes are beinQ 
developed or proposed for various shuttle missions including thermal canister (111, LDEF (12), 
and the Atmospheric c.loud Physics Lab (13), to mention a few. The Galileo Mission will use 
copper/water heat pipes to cool the radiator fins of the Selenide Isotope Generators (SIG) 04) 
which provide power for the Jupiter probe. In short, heat pipes have received broad acceptance 
throughout the aerospace industry. 
The early development of terrestrial applications of heat pipes progressed at a 
mu(i.11 slower pace. In 1968, RCA developed a heat pipe heat sink for transistors used in 
aircraft transmitters. This probably represented the first conmercial application of heat 
pipes. The early use of heat pipes for electronic cooling was prohibited by cost and the 
improvements were minimal because of the relatively low power densities of many of the 
electronic components that were available. Since that time, however, the "Energy Crisis" 
was experienced and the production of low cost "gravity-assist" heat pipes followed. The 
most notable single application is the stabilization of the pennafrost in the Alyeska 
Pipeline (15). Heat pipe heat recovery systems also represent a substantial market which is 
continually growing. The demand for alternate energy sources had led to the development of 
innovative intermediate and high temperature heat pipes for ~olar collection (16, 17) and 
coal gasification (18). In addition, considerable development has also been conducted to 
utilize heat pipes for the deicing of highways (19), bridges (20), and airport runways (21). 
'tit.addition to the advancements realized from the various applications, basic 
research and development has also continued. Improved geometries have been developed or 
proposed for axially grooved heat pipes (22, 23). Graded porosity wicks have also been 
fabricated (24). Several priming techniques for arterial wick designs ~ncluding venting 
foils (25), Clausius-Claperon pr1.mtng (2~1. and jet-pump assist {27), have evolved. Control 
techniques including the blocking orifice diode (28), liquid trap diodes and thermal 
switches (29), vapor modulated variable conductance (30), and soluble gas absorption 
reservoirs (31), have also been developed. Finally, analytical techniques and computer 
programs have been developed to predict performance and establish heat pipe designs for 
many of the systems noted above. 
Regarding the literature, the first~ Pipe Design Handbook (32) was published 
for NASA Manned Spacecraft Center, Houston in August 1972. Since that time, three 
International Heat Pipe Conferences have been conducted, two books on heat pipes have been 
authored, and numerous papers have been written on the subject. 
2 
Ill r 
) 
This Design Manual represents an update of the original Design Aand6ook. The 
principal reference sources that were used are listed in Table 1-1. A brief discussion 
of heat pipe operation is given in the next sections and then .the arrangement of the 
Manu~l is defined. 
TABLE 1-1. MAJOR REFERENCES 
AUTHOR TITLE PUBLICATION DATE REFERENCE NO. 
B. D. Marcus Theory and Design of April 1972 6 
Variable Conductance 
Heat Pipes 
w. B. 6ienert and Heat Pipe Design Handbook August 1972 32 
E. A. Skrabek 
F. Edelstein and Heat P~pe Manufacturing Study August 1974 33 
Haslett 
P. D. Dunn and Heat Pipes 1976 34 
D. A. Reay 
S. W. Chi Heat Pipe Theory and Practice 1976 35 
1.2 PRINCIPLES OF OPERAT!ON 
The basic heat pipe is a closed container whfch contains a capillary wick structure 
and a small ·amount of working fl~id which is saturated at operating conditions. The heat pipe 
employs a boiling-condensing cycle and the capillary wick pumps the condensate to the evapor-
ator. This is shown schematically in Fig. 1-1. 
The vapor pressure drop between the evaporator and the condenser is very small; and, 
therefore, the boiling-condensing cycle is essentially an isothermal process. Furthermore, 
the temperature losses between the hea.t source and the vapor and between the vapor and the 
heat sink can be made small by proper design. Therefore, one feature of the heat pipe is 
that it can be designed to transport heat between the heat source and the heat sink with 
very small temperature drop. 
The amount of heat that can be transported as latent heat of vaporization is usually 
several orders of magnitude larger than can be transported as sensible heat in a conventional 
convective system with an equivalent temperature difference. Therefore, a second feature of 
the heat pipe is that relatively large amounts of heat can be transported with small light-
weight structures. 
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Hear Input Heat Output 
Vapor Flow t t tt 
Return 
Fig. 1-1. Schematic repres~ntation of heat pipe operation 
The capillary pumping head is derived from a difference in the radff of curvature of 
the fluid surfaces in the capillary pores in the evaporator and condenser wick sections. In 
order for the available capillary pumping head to be able to provide adequate circulation of 
the working fluid, it must be sufficient to overcome the viscous and dynamic losses of the 
system and it must compensate for adverse gravity effects. Capillary pumping heads are 
nonnally small when compared to the pumping heads available in dynamic systems. Therefore, 
, 
certain restrictions must be imposed on the application of heat pipes in gravity environments. 
1.3 TYPES OF HEAT PrPES 
He~t pipes are classified into two general types--"Fixed Conductance" and "Variable 
Conductance." A fixed conductance heat pipe is a device of very high thennal conductance 
with no fixed operating temperature. Its temperature rises or falls according to variations 
in the heat source or heat sink. 
It was recognized rather early in the history of the heat pipe research {36) that 
techniques could be developed which would provide for control of the effective thermal 
conductance of the heat pipe. This was first envisioned as blocking a portion of the 
condenser by a non-condensible gas. More recently several other types of control have been 
developed including liquid blockage and liquid and vapor modulation. Such techniques enable 
the device to be operated at a fixed temperature independent of source and sink conditions. 
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1.4 HEAT PIPE OPERATING TEMPERATURE RANGES 
In this manual, the operating temperature ranges of the heat pipes are referred to as 
0 0 0 . 
"cryogenic" (0° to 150 K) (-459 to -189 F), "low temperature (150° to 750~K} (-189° to +890°F), 
and "high temperature" (750° to 3000°K) (890° to 5432°F). These ranges have been defined 
somewhat arbitrarily such that the currently known working fluids are generally of the same 
type within each range, and each range is roughly four times as large as the preceding one. 
Working fluids are usually elemental or simple organic compounds in the cryogenic range, 
mainly polar molecules or halocarbons in the low temperature range, and liquid metals in the 
· high temperature range. 
1 . 5 ARRANGEMENT OF THE MANUAL 
The new manual consists of two volumes as defined by the Table of Contents. Volume I 
contains ten chapters which are numbered consecutively and progress from analysis through design 
fabrication, test and the application of both fixed conductance and variable conductance 
heat pipes. Chapters 6 and 8 on Manufacturing and Testing are major new additions. Each 
of the chapters are independent and are arranged to permit the addition of new material as 
it becomes available. 
Volume II contains tabulated property data for most common working fluids and 
surrrnarizes the available heat pipe computer codes. It is intended to be used as a separate 
reference for working data. 
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NOMENCLATURE 
. The following pages contain a 1isti_ng of the symbols used throughout this Manual. 
The units for each quantity are given in both the SI ~ystem and the English Engineering Units. 
Symbol 
A 
-C p 
0 
Di 
Do 
F 
Ft 
C, 
G 
H 
K 
L 
·, MW 
Area 
Constants for Beattie-
Bridgman Equation 
Holal Density 
Heat Capacity 
Diameter 
Inside Diameter of Tube 
Outside Diameter of Tube 
Body Force 
Pressure Drop Ratio 
Thermal Conductance 
Gibbs Free Energy 
Wicking Height Factor 
Permeability 
Length 
Molecular Weight 
N Nwnber of Grooves 
Nt 
Q 
QL 
R 
R 
Liquid Transport Factor 
Axial Heat Flow Rate 
Heat Transport Factor 
~rincipal Radi~s of Curvature 
Thermal Impedance 
Re Reynolds Number 
Gas Constant (R0 /M) 
Upiversal Gas Constant 
Average Land Thickness 
S Crimping Factor 
T 
V 
Temperature 
Velocity 
8 
SI Unit 
m2 
kg moles m·3 
J kg-lK-1 
m 
m 
m 
N 
m 
kg kmole - l 
w 
Wm 
m 
KW-1 
J kg-1 K-l 
J kmole-lK-l 
m 
English Units 
ft2 
lb mole tC3 
Btu 1 bm- l F- l 
"ft (in} 
ft (in) 
ft (in) 
lbf 
Ill r 
Btu hr- l F• l 
Btu lbm-l 
ft2 
ft2 
ft (in) 
lbm mole·1 
W in-2 
Btu hr·1 
Win 
ft (in) 
F w-l 
ft lbf lbm-l F-l 
Btu mole·1 F·1 
in 
I 
/ 
Symbol SI Unit English Unit 
V Volume m3 ft3 
We Weber Number 
a Area Per Unit Length m ft 
a,b,c Constants for Beattie-
Bridgman Equation 
b Tortuosity Factor 
d Wire b1ameter m in 
g Acceleration m s-2 ft s·2 
h Heat Transfer Coefficient W cm-2K•l Btu ft hr·1 F-l 
h Elevation m ft 
le Thermal Conductivity W cm•lK-l Btu ft hr-1ft·2 F-l 
----
k Spring Constant of Bellows N m·l lbf ft· 1 
m Mass Flow Rate kg s-l 1bm hr- l 
p Pressure N m·2 (psia) lbf i -2 n· 
. -- ~ - -·- ------
W m·2 W in-2 q Radial Heat Flu /Unit Length 
r Radius m ft 
'·-
t Thickness m ft 
vn Mo1~1 Specific Volume m3 IQOle.·l ~· ft3 mo1e·1 
-----
w Groove Width m in 
X Axial Coordinate m ft 
y Perpendicular Coordinate m ft 
z Characteristic Dimension (in We) m 1n 
a Aspect Ratio 
a Fraction of Impinging 
Molecules Sticking to 
Surface 
a Groove Half Angle rad deg 
a Ostwald Coefficient ... 
s Heat Pipe Orientation with 
Respect to Gravity rad deg 
y Ratio of Specific Heats 
'5 Depth of Grooves m 1n 
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------
Symbol SI Unit English Unit 
& Porosity 
11 Gravity Factor 
11 Liquid Void Fraction in Gas 
Absorption Reservoir 
--
8 Contact Angle rad deg 
A Heat of Vaporization J kg•l Btu lbm-l 
Viscosity (dynamic) -2 lbf s ft·2 u N s m 
Mesh Number (of screens) -1 1n•l u m 
\J Kinematic Viscosity m2 s•l ft2 s•l 
0 Density kg m·3 lbm ft-l 
a Surface Tension N m•l lbf ft· l 
'l' 
CAI Angular Velocity rad s·1 deg s·1 
--
.)-
S~bol 
~ Incrementa 1 
V Del Operator 
./ 
10 
II 
Ill r 
Subscripts 
a Active Section of VCHP 
a Adiabatic 
b Bellows 
C Condenser 
cond Condensation 
e Evaporator 
. en Envelope 
ev Evaporation 
ex Excess 
ext External 
h Hydraulic 
i Inactive Section of VCHP 
int Internal 
j Counter Index 
1 Liquid 
max Maximum 
min Minimum 
n Nucleation Cavity 
0 Sink 
p Pore 
r Radial 
r Reservoir 
s Source 
st Storage 
t Total 
V Vapor 
vap Vaporization 
w Wick 
H Parallel 
i Perpendicular 
, , 
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CHAPTER 2 
FIXED CONDUCTANCE HEAT PIPE THEORY 
The basic heat pipe theory as first presented by Cotter (1) has remained unchanged. 
This Chapter presents the theory associated with the hydrodynamic and heat transfer 
characteristics of fixed conductance heat pipes. The hydrodynamics determines the heat 
transport limits of heat pipes and the heat transfer theory relates to their temperature 
control behavior. Basic operating principles are discussed in Section 2.1. The theory that 
defines a heat pipe's transport capability within the capillary pumping limit is presented 
in Section 2.2 through 2.6. Other heat transport limitations including sonic. entrainment. 
and heat flux limits are discussed in Section 2.7. The heat transfer characteristics of a 
heat pipe which is operating within the heat transport limits are given in Section 2.8. 
2.1 HEAT PIPE OPERATION 
The principle of operation of a heat pipe is best described by using the simple 
cylindrical geometry shown in Fig. 2-1. The essential components of a heat pipe are the 
sealed container. a wick and a suitable working fluid which is in equilibrium with its own 
vapor. When heat is applied along one section of the pipe (evaporator). the local tempera-
ture is raised slightly and part of the working fluid evaporates. Because of the saturation 
condition this temperature difference results in a difference in vapor pressure which~in 
turn. causes vapor to flow from the heated section to a cooler part of the pipe (condenser}. 
The rate of vaporization is commensurate with heat absorbed in the form of latent heat of 
evaporation. The excess vapor condenses at the cooler end and releases its latent heat. 
During steady-state operation, conservation of energy requires that the amount of heat 
absorbed is identical to the heat released. Return of the liquid condensate occurs through 
the wick. The wick provides a flow path for the liquid and is also responsible for the 
pumping. During evaporation the liquid recedes somewhat into the pores of the wick thus 
forming menisci at the liquid-vapor interface which are highly curved. On the other hand, 
condensation occurs mainly on the surface of the wick with corresponding flat menisci. A 
pressure difference which is related to the radi1Js_ of c1Jrva!:iir, E!xists across any c_ur_ved 
liquid-vapor interface in thermodynamic equilibrium. Since the curvature is different at 
the evaporator from that at the condenser. a net pressure difference exists within the 
system. This capillary pumping pressure maintains circulation of the fluid against the 
liquid and vapor flow losses and sometimes against adverse body forces. 
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Fig. 2-1. Schematic diagram of the principle of operation of a heat pipe 
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Iriaddition to an evaporator and condenser, the heat pipe frequently also has an 
nadiabatic" section. It 1s characterized by zero heat exchange with the environment. 
It s~ould also be noted that_the heat pipe is not limited to having only one evaporator 
and condenser but may have several heat input and output areas interdispersed along its 
length. 
As generally conceived, heat pipe theory consists of the description of concurrent 
hydrodynamic and heat transfer processes. Hydrodynamic theory is used to describe the 
circulation process. Its most important function is to establish the maximum circulation 
and, therefore, the maximum heat transport capability of the heat pipe. It also defines 
and sets bounds upon various factors affecting maximum circulation. 
Heat transfer theory deals essentially with the transfer of heat into and out of the 
heat pipe. It is used primarily to predict overall conductance. Since the heat pipe 
utilizes evaporation and condensation, it is subject to limitations, such as boiling, 
which do not apply to solid conductors. Heat transfer theory 1s used to investigate 
these limitations and also to provide a model for the overall conductance. 
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Fundamentally, the internal heat transport process of a heat pfpe fs a thermodynamiG 
cycle subject to the First and Second Laws. A quantity of heat is applied to the 
system at a temperature r1• and the same quantity of heat is rejected at a lower temperature 
T2• "Work" is generated internally but it is completely consumed in overcoming the 
hydrodynamic losses of the system. The energy conversion process occurs in the phase change 
across the curved liquid-vapor interface, where thermal energy is converted to mechanical 
energy with the appearance of a pressure head. The curvature of this interface adjusts 
automatically, such that the capillary pumping (the "work" of the system} is just adequate 
to meet the flow requirement. As with every thermodynamic cycle a finite temperature 
difference must exist between the heat source and heat sink; that is, heat rejection must 
occur at a lower temperature than heat addition. In most heat pipes this ~T associated with 
the circulation of the working fluid is small compared to other conductive temperature 
gradients. Nevertheless, even an ideal heat pipe can never be completely isothennal because 
this would violate the Second Law of Thermodynamics. 
Although its performance does have definite limits, the heat pipe generally has very 
high heat transport capability. The limitations include maximum capillary pumping ability, 
choking of the vapor flow when it approaches sonic velocity, entrainment of liquid droplets 
1n the vapor stream, and disruption of the liquid flow by the occurrence of boiling in the 
wick. 
2.2 FUNDAMENTAL CONSIDERATIONS 
The liquid and the vapor phases of the workfng fluid are in close contact with each 
other along the entire length of the heat pipe. Because of the circulation, the pressures 
in the liquid and vapor are not constant, but vary along the length of the pipe. Furthermore, 
the pressure difference between the liquid and the vapor is also a function of the location. 
In order to maintain the pressure· balance between liquid and vapor, the interface separating 
them must be curved. Any curved liquid-vapor interface creates a pressure difference which 
can be expressed in terms of the surface tension and the principal radii of curvature R1 and 
~ of the interface as given in Eqs. 2-1 and 2-2 (2 ). The principal radii of the surface 
are shown in Fig. 2-2. 
AP; (x) • Pv (x) - P1 (x) (2-1) 
AP; (x) • cr ( R1 \x) + Rz \x)) (2-2) 
14 
Ffg. 2-2. Principal radif of curvature of liquid-vapor interface 
q(x) 
J-
+ "'v Pv<x} + t (VPv>.J. 
P.e. Cx) 
--i---------~x 
Fig. 2-3. Model of heat pipe hydrodynamics 
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This interfacial pressure difference ~Pi maintains the pressure balance between vapor and 
liquid at any point along the length of the heat pipe. Sine~ the interfacial pressure 
difference varies with location, the radii of curvature of the menisci also vary along the 
heat pipe. If the interface is concave with respect to the vapor, the pressure in the 
liquid will be lower than the pressure in the vapor. 
The function of the wick in a heat pipe is to provide a medium for establishing 
curved interfaces between liquid and vapor. It must be emphasized that the 1nterfacia1 
pressure difference ~Pi is independent of the wick properties and is only detennined by 
the curvature of the interfacial surface. Wick properties such as pore size and contact 
angle only detennine the upper bound of the 1nterfac1al pressure difference. This upper 
limit is frequen~ly referred to as "capillary pressure. 11 
In addition to pressure differences between liquid and vapor, there exist pressure 
gradients within both phases of the working fluid. These gradients are the result of 
viscous, mooientum and body forces. It is convenient to group the gradients according to 
their origin; that is, whether they are associated with the flow or due to independent 
body forces. 
~ dF 
Vp • (V p)flow + dV 
The vector Eq. 2-3 applies to both liquid and vapor phases. 
(2-3) 
·Fo.r a heat pipe with one-dimensional liquid and vapor flow, the gradients are given 
in Eqs. 2-4 and 2-5 in tenns of their axial and perpendicular components. 
• (!.E.) + (~dF) (Axial) 
ax flow ov II 
(2~) 
le. • (~).l (v P\ • ay ov (Perpendicular) (2-5) 
The components of the pressure gradients are shown schematically in Fig. 2-3. This figure 
also establishes the sign convention adopted throughout this Handbook. The "xu coordinate 
1s parallel to the heat pipe axis, and the 11y11 coordinate is perpendicular to the axis. 
The origin of the coordinate system is located at the bottom and at the evaporator end. 
All vector components, such as pressure gradients, mass flow rates and body forces shall 
have a positive sign if they are directed in the positive 11 x11 or 11y11 direction. 
16 
In some cases, a different coordinate system may be more convenient. For example, 
in a heat pipe with multiple evaporators and/or condensers. one might arbitrarily choose 
one end of the pipe as the origin of the coordinate system. All hydrodynamic equations are 
actually independent of the choice of the coordinate system. Care must be exercised. 
however, in selecting the proper sign for all vector components if a different system is. 
selected. 
Obviously the assumption of one-dimensional fluid flow does not hold in the areas 
where evaporation and condensation occur, or in two-or-three dimensional heat pipes such 
as flat.plates, cavities, etc. But for most conventional heat pipes, the one-dimensional 
model represents a very close approximation. 
The body force term in Eqs. 2-3, 2-4, and 2-5 consists of those mass action forces 
which are independent of flow; e.g.,·gravfty, acceleration, and electrostatic effects. 
This fonn of the equation does not include flow dependent body forces such as arise due to 
magnetic effects which are generally not applicable to heat pipes. 
The pressure gradients give rise to mass transfer along the heat pipe. The two 
axial mass-flow rates, mv and m1 are related through the Continuity Eq. 
my (x) + mt (x) • 0 (Z-6) 
Eq. 2-6 simply states that during steady-state operation mass accumulation does not occur 
and ~apor and liquid flow rates must be equal in magnitude but opposite fn direction. 
Finally, the mass flow rates are related to the local heat exchange through the 
Energy equation: 
dm (x) 1 • 
dx • T q (x) (2-7) 
Eq. 2-7 is a simplified form of the First Law of Thermodynamics where q (x) fs the rate of 
heat addition (or removal) per unit length of the heat pipe. It is defined as positive 
in the case of heat addition (evaporator) and negative for heat removal (condenser). In 
Eq. 2-7 the effects of conduction in the axial direction are neglected. It is also assumed 
that sensible heat transport is negligible. In the following sections the various terms 
used in describing the performance of heat pipes are examined in more detail. 
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2.3 CAPILLARY PRESSURE 
The capillary pressure is defined as the maximum interfacial pressure difference 
which a given wick/fluid combination can develop, or: 
(2-8} 
The capillary pressure is related to the surface tension of the liquid, the contact 
angle between liquid and vapor, and the effective pumping radius through (3): 
2 a cos 8c 
t.Pcap • rp (2-9) 
With few exceptions, the wicks employed in most heat pipes very often do not have a well 
defined pore geometry. Therefore. it is conmon practice to define an effective pumping 
radius which is determined experimentally and which satisfies Eq. 2-9. 
For some well defined wick systems analytical expressions for the effective pumping 
radius can be found. For a circular pore the meniscus is spherical and the two 
principal radii of curvature of the surface are equal. Referring to Fig. 2-4 we have: 
According to Eq. 2-2, the maximum interfacial pressure difference which the capillary 
forces_are capable of handling is: 
(2-11) 
A comparison of Eqs. 2-9 and 2-11 1 along with the identity 2-8, yields the results that 
for circular pores the effective pumping radius r is equal to the physical pore radius. 
• p 
In long, open channels one of the principal radii is infinite. Using Fig. 2-5 the 
minimum radii can readily be calculated: 
GO t ( ) W/2 R2 min• cos (a+ ec} 
The maximum interfacial pressure difference becomes: 
a cos (a + ec) 
W/2 
18 
(2-12) 
(2-13} 
11 
Fig. 2-4. Effective pumping radii i.n a circular capillary 
(l 
Contact Angle 
Half Angle of Groove 
Groove Width 
Mfnimum Radius of Curvature 
(Filled Groove) 
Fig. 2-5. Effective pumping radH tn an open t~iangular groove 
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In the limit of grooves with parallel walls (a• O} Eq. 2-13 reduces to: 
• 2 a cos €\; 
w (2-14) 
If we compare Eqs. 2-14 with 2-9 along with the Identity 2-8, we see that the effective 
pumping radius of a rectangular groove is equal to the groove width while for circular 
pores it is equal to~ the pore diameter. The reason for this difference is, of 
course, the absence of curvature in the direction of the groove length. Several methods 
for detennining the effective radius of various wick geometries are discussed in the 
Design Section. 
A volume of literature exists on the contact angle, and many incons1.stencies in 
experimental results are reported. ~owever, it has been well established now that much 
of the "inconsistent" behavior of the contact angle is due to very low level impurities in 
the liquid or on the surface being wetted. Thus, combinations of scrupulously clean 
surfaces and very pure liquids will exhibit no difference in advancing and receding 
contact angles; and water and other liquids with low surface tensions should exhibit a 
contact angle of approximately zero (2) on all clean metal surfaces with which they do not 
react chemically. The fact that much larger contact angles are often observed usually 
indicates the presence of absorted impurities on the surface, which is generally more 
difficult to clean than the working fluid. 
lhe capillary pressure, as defined in this section, refers to the maximum interfacial 
pressure difference which a given wick/liquid combination can sustain; but, as pointed 
out earlier, the interfacial pressure varies along the heat pipe. The upper and lower 
limit of the interfacial pressure difference must be known in order to detennine the 
maximum heat transport capability. The lower limit corresponds to the maximum value of 
the radius of curvature of the meniscus. It can be detennined that for wetting liquids 
the pressure in the liquid cannot exceed that of the vapor. Equal pressures in liquid 
and vapor correspond to an infinite radius of curvature which is equivalent to a flat 
meniscus. For nonwetting liquids the pressure in the liquid always exceeds tha~ of the 
vapor. 
The point of pressure equality in liquid and vapor represents a well-defined boundary 
condition for the integration of the flow equations. Frequently it is located at the 
end of the condenser of the heat pipe. In the presence of body forces and with complicated 
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heat pipe geometries or distributed heat loads, this will not necessarily be the case 
and a careful analysis is required to determine its location. This subject wil.1 be 
discussed in more detail in conjunction with the integration of the flow equations. 
2.4 PRESSURE GRADIENTS IN THE LIQUID 
The liquid is subjected to a number of different forces, such as the shearing 
forces associated with viscous flow, the forces associated with momentum in a dynamic 
system, and the body force effects arising from external. force fields. The actions of -
these forces upon the liquid result in pressure gradients along the heat pipe as was 
indicated in Eq. 2-3. 
The ratio of the dynamic-to-viscous flow pressure gradients in a capillary passage 
is on the order of magnitude of the·Reynold 1 s number determined using the average flow 
in a pore (4). Since this number will be small with respect to unity for heat pipes, 
the inertial (dynamic} forces in the liquid will be neglected. 
2.4.1 Viscous Pressure Gradients in the Liquid 
The pressure gradient resulting from viscous shear forces in an incompressible 
liquid with laminar flow through a porous media is given directly by Darcy• s Law {5): 
dpt - ~ m1 (x) 
- . 
·c1x KA fl w .t 
(2-15) 
For some geometries where t_he physical dimensions of the pores are known and are well 
defined the penneability K may be expressed in terms of a hydraulic diamet~r Oh and the 
porosity of the wick£ (6}: 
£ oh2 
K •--y 
The hydraulic diameter Oh is defined as: 
O • 4A 
h wP° 
(2-16) 
(2-17) 
The above definition represents a good approximation for many geometries. More ref1.ned 
expressions for penneability are given in Chapter 4. 
For cylindrical passages with diameter 0, Eq. 2-17 yields for the hydraulic 
diameter: 
(2-18} 
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and Eq. 2-15 reduces to a form of Poiseuille~s Law: 
(2-19) 
For many wick geometries the hydraulic diameter cannot be calculated, particularly 
for those whi.ch involve porous materials. In these cases it is best to resort to 
experimental.measures to obtain a value for the penneability. 
When the wicking system consists of uncovered channels as in the case of !xially 
grooved heat pipes there is a shearing effect on the liquid which results from the 
counterflow of the vapor. This induced liquid loss can be significant particularly at 
low vapor pressures or at high axial heat loads (e.g. conmercial applications). Hufschmidt, 
et.al. (7) determined an empirical expression for a rectangular groove whose depth is 
greater than the groove width, which accounts for this loss. 
dpt µ1 I\ (x) IP2 l/1 
dx • - K(x)Ag_ (x) p
1 
(l +3) (2-20) 
This is basically _the Hagon-Poiseu1;1e Eq. modified by the term (~ q,) to account for 
the liquid-vapor shear loss, where IP is the groove_ aspect ratio. 
IP= Groove width at the liquid-vapor interface 
- 2 (Groove depth) 
For.the groove geometry shown in Fig. 2-6 
'II' (Rv + Rt} Sin N. Rt t • 
R; • RV 
(2-21) 
The parameter q, is dependent on whether the vapor flow is laminar or turbulent (8). 
:. For 1 ami nar vapor fl ow ( Rev < 2000) 
4 (R1-Rv) vv A1 
.,, • -· - -r-Rv v,_ ""v 
(2-22) 
For turbulent vapor flow (Rev> 2000) 
µ 0.25 • D 75 V ffl • . 
Py Vy V 
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'IT y + c5 • 
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-
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Fig. 2-6. Trapezoidal groove geometry 
2.4.2" 8ody Forces in the Liquid 
The pressure gradients in the lfquid resulting from body forces can either augment or 
dfmfnish the gradients associated with viscous flow. The body forces result from external 
fields which can be applied in any direction with respect to the heat pipe's axis. The-
body force can be expressed as: 
(~) .... dV • P,i9 (2-24) 
In a gravity field the heat pipe will experience two components of body force. 
The obvious body force component is the axial component which is parallel to the mass flow 
along the heat pipe: 
• -. Pig sin S (2-25) 
, 
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Depending on whether the condenser (S > 0) or the evaporator (B < 0) is elevated, the axia) 
body force component of gravity will either augment or impede the liquid flow. Wherever 
possible in terrestrial applications, the heat pipe or heat pipe system is oriented to 
take advantage of the gravity assist to the liquid return. This mode of operation is 
often referred to as "refluxing."· On the other hand as discussed in Chapter 8, heat pipes 
for aerospace applications are generally tested at a slight adverse elevation to demonstrate 
performance without any possible gravity assist. 
Less frequently considered is the perpendicular body force component: 
(*) . p g • - p g cos s J. 1 J. 1 {2-26) 
Unlike the axial body force component·, this component wi1 l always act to the detriment of 
heat pipe op~ration. It generates a pressure gradient which is· perpendicular to the liquid 
flow (Eq. 2-5). When integrating the flow equations, it is found that this perpendicular 
gradient always detracts from the capillary pumping (Section 2.6). 
• Body forces originate not only from gravity but from any acceleration vector, g. A 
typical, and frequently encountered non-gravitational body force is that resulting from 
acceleration due to rotation. Its vector is directed in a radial direction from the axis 
of rotation and its magnitude is: 
(2-27) 
where, is the distance between the axis of rotation and the point where the body force 
is encountered. 
2.5 PRESSURE GRADIENTS IN THE VAPOR 
. 
The pressure gradients in the vapor will also result from a combination of flow 
dependent (viscous and dynamic} effects, and flow independent external force fields or 
body forces. However, the effects on heat pipe performance of the various pressure 
gradients in the vapor phase are not as easily determined as those of the liquid. Much 
of this difficulty is attributable to the higher flow velocities in the vapor which make 
it more susceptible to the effects of mass addition and removal along the length of the 
heat pipe, to the frequently non-negligible dynamic effects, to the existence of turbulent 
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flow, and to the compressibility of the vapor. All of these factors combine to produce a 
condition which does not permit simple, all encompassing, analytical expressions for the 
vapor pressure losses. 
2.5.1 Viscous Pressure Gradients in the Vapor 
Under conditions of low axial heat flow and high vapor density, the vapor velocity 
will be low and viscous forces will predominate. If laminar, non-compressible flow occurs 
the vapor pressure gradient can also be expressed by Darcy's Law: 
{2-28) 
Since the vapor_ passages are generally of a relatively simple geometry compared to those 
' 
of the liquid, the concept of the "hydraulic diameter" is especially useful. Substituting 
the hydraulic diameter for the permeability in Eq. 2-16 the pressure gradient in the vapor 
becomes: 
{2-29) 
By the definition of the porosity e--i.e., the ratfo of void volume to total volume, the vapor 
space porosity is u~ity. 
2.5.2 Dinamic Pressure Gradients in the Vapor 
Separation of viscous and dynamic effects fn the vapor flow is not really possible. 
If the dynamic effects cannot be neglected, Eq. 2-29 should be replaced by Eq. 2-30 (1): 
where the radial Reynolds number, Rer, fs defined by: 
Re • .,. 
1 dmv 
""2_11' ___ µv- dx 
• ] (2-30) 
(2-31} 
The expansion in Eq. 2-30 accounts for momentum changes due to evaporation or condensation. 
It obviously holds only for small rates of evaporation and condensation, i.e., for Rer << 1. 
The momentum effects cause the pressure gradient in the evaporator to be higher than for 
viscous shear alone and the pressure gradient in the condenser to be lower due to decelera-
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tion of the vapor flow. In the absence of mass addition or subtraction, as for example in 
the adiabatic section of a heat pipe, Eq. 2-30 reduces to that of purely viscous flow. 
For high evaporation and condensation rates the pressure distribution in the vapor 
is considerably more complex. Analytical solutions exist only for the limiting case, where 
the _radial Reynolds number approaches infinity. For this limit the pressure gradient is 
given in (9) 
dpv S 'IT mv 
ai""'" • • .,..._p _A ___ D._2_ 
v ·v -n,v 
(2-32} 
The value for the numerical constant Sis 1 for evaporation and 4/'IT2 for condensation. 
Eq. 2-32 predicts approximately 40% recovery of the dynamic head in the condenser. 
2.5.3 Turbulent Flow and Compressibility Effects 
Little is known about the onset of turbulence in vapor flow with high radial Reynolds 
numbers. In the adiabatic section, where the radial Reynolds number is zero, fully 
developed turbulent flow will occur if the axial Reynolds number exceeds 2000. The axial 
Reynolds number is defined in the usual manner as: 
(2-33) 
For turbulent flow the viscous pressure gradient is given by the empirical Blasius Law (5) 
(2-34) 
In the transition region, i.e., at an axial Reynolds number of approximately 2000, Blasius' 
Equation holds only approximately and gives slightly different numerical values than 
the expression for laminar flow. 
Compressibility effects can normally be ignored if the Mach number of the flow is 
less than approximately 0.2. This criterion applies for most hea~ pipes with the notable 
exception of liquid metal heat pipes during start-up. If compressibf11ty effects are taken 
into account, the pressure recovery for high axial fluxes may be as high as 90% (10) instead 
of the 40% predicted by Eq. 2-32. Compressibility can certainly not be neglected when the 
vapor flow approaches sonic conditions. This has been considered by Levy (11) (12) and is 
discussed in Section 2.7. 
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2.5.4 Body Forces in the Vapor 
The theory of body forces acting upon the vapor is identica1 to that of the 1iquid. 
However, because of the large difference in density between liquid and vapor (usually on 
the order of 103) the effect of body forces in the vapor i~ generally negligible. 
2.6 CAPILLARY HEAT TRANSPORT LIMIT 
2.6.l General Approach 
The rate of circulation of the working fluid is detennined by a balance of 
capillary pumping, body forces, and viscous and dynamfc f1 ow losses. During 
nonnal operation the pumping adjusts itself to meet the circulation requirements. But 
since capillary pumping is limited to.a maximum capillary pressure (see Section 2.3) a 
limit also exists for the rate of circulation and therefore for the heat transport 
capability. 
The capillary limit is the most co111T1only encountered limit and it relates to the 
hydrodynamics previously discussed. When the required interfacial pressure exceeds the 
capillary pressure that the wick can sustain, the pumping rate is no longer sufficient 
to supply enough liquid to the evaporation sites. Consequently, more liquid is evaporated 
than replenished and local dryout of the wick occurs. 
_For high velocity vapor flows, other hydrodynamic li~its may restrict the heat 
transport even before the cap.illary limit 1s reached. The sonic limit occurs when 
the vapor velocity reaches the sonic point. A further increase in the mass flow is 
not possible without raising the saturation vapor pressure and therefore the vapor 
temperature. High velocity vapor flow may also interfere with the recirculating 
liquid causing liquid droplets to be entrained in the vapor and preventing sufficient 
liquid from returning to the evaporator (entrainment limit). Finally, high local 
heat fluxes can lead to nucleation within the liquid and result in with dryout 
(boiling limit}. Each one of these limitations will be discussed separately in 
subsequent sections. 
In the preceding sections the pressures and forces affecting the circulation of the 
working fluid of a one-dimensional h~at pipe have been presented in differential fonn. No 
I 
restriction has been placed on the distribution of heat fluxes into and out of the heat 
pipe, its orientation with respect to body forces, and the geometry of the wick. In order 
to arrive at the capillary limit, i.e., the maximum heat transport capability of a heat 
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pipe, the hydrodynamic equations must be integrated. In the general case, numerical 
methods have to be employed and the integration constants must be chosen judiciously, 
particularly when body forces and more than one evaporator and condenser are involved. 
The following approach will always lead to the correct capillary limit and can readily 
be reduced to a closed fonn solution for uniform geometries. 
The pressure distribution in liquid and vapor is obtained by integrating the axial 
pressure gradients. 
(2-35) 
P
0 
(x} • (x (v p ) -~x + p1 (0) 
., ) 0 1 11 
(2-36) 
The integration is extended from one end of the heat pipe (x • O) to the specific location 
x. The two int~gration constants must be determined before the absolute values of each 
pressure can be calculated. The two pressures are related at every point x through the 
interface Eq. 2-1 • 
. 6 P1 (x) • Py (x) - p1 (x) (2-1) 
Inserting the values for Pv {x) and p1 {x) from Eqs. 2-35 and 2-36 yields: 
(2-37) 
. 
Equation 2-37 gives the required interfacial pressure difference Ap1 at any axial location 
x to within the additive constant [Py (0) - p1 (O)] • 
. 
In general, Ap1 will vary along the length of the heat pipe and at some point x
1 
will reach its lowest, or minimum value. It is generally assumed that this minimum 
interfacial pressure difference is zero (equal pressure in liquid and vapor, corresponding 
to a 11f1at 11 meniscus). The integration constant in Eq. 2-37 may then be evaluated as 
follows: 
6 P; (x 1 ) • O (2-38} 
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(2-39) 
The 1nterfacia1 pressure difference becomes: 
(2-40} 
Thfs las~ equation describes the 1nterfacia1 pressure difference at any location, x, of 
the heat pipe with respect to the reference value at x' which, conveniently, is equal to 
zero. 
There always exists at least one axial location x" at which the interfacia1 pressure 
difference Ap1 {x) reaches a highest, or maximum value. Once this point has been found 
(either by numerical or closed form solution) the maximum interfacia1 pressure difference 
can be expressed as: 
II 
(6 Pt l,,.. • 6 pt (x") • f.. [ (V pY)II - (V P, lu) dx (2-41} 
In the hydrodynamic limit the pumping requirement (AP;>max is equal to the maximum 
capi11ar~ pressure, APcap• which the wick can develop. Prcper circulation of the working 
fluid is assured if the pumping requirement is less than the maximum capillary pressure 
difference: 
(2-42) 
For a specified wick geometry and heat flux distribution, the above equation will in 
. 
general be an inequality. In _the course of a numerical analysis it establishes the criterion 
for a selected heat pipe and wick geometry to satisfy the heat transport requirement. 
Alternately, Eq. 2-42 may be used as an equality to determine the capillary pumping require-
ment. For most wicks, capillary pumping (pore size) and hydrodynamic pressure gradients 
are closely related. The approach is therefore to select a particular wick, compute the 
hydrodynamic requirements according to Eq. 2-41 and then compare the resulting (Api)max 
with the capillary pumping capability Apcap· If the inequality is met, the selected 
wick will be adequate for the given heat transport requirement. 
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The preceding equations express the capillary pumping requirement in terms of 
integrated pressure gradients within liquid and vapor. These pressure gradients are 
related to the corresponding mass flow rates and the body forces. The mass flow 
rates, in turn, are determined by the heat transport requirement. 
For a specified distribution of heat input and output, q (x), the mass flow 
rates of vapor and liquid are obtained by integrating Eq. 2-7. 
dm (x) 1 
• - q (x) dx A (2-7) 
Integration yields: 
-
~v (x} • fx f q (x) dx + mv (0) 
0 
{2-43) 
The above equation gives the mass flow rate of the vapor for every axial location, x, 
when the integration is extended from one end of the heat pipe, (x • 0), to the point x. 
Con~ervation of mass requires that the integration constant, mv (0), goes identically to 
zero since no vapor enters or leaves the heat pipe. Thus: 
(2-44) 
The mass flow rate of the vapor is thus uniquely determine~ by the heat exchange with 
the environment. Because of the requirement of mass continuity (Eq. 2-6), the mass flow 
rate of the liquid is equal in ,magnitude and opposite in direction to the mass flow rate 
of the vapor. 
The net axial heat flow rate, Q, is related to mv and m1 through 
Q (x) • A ~v (x} • - A ~1 (x) 
(2-45) 
(2-46) 
The theory as presented so far does not include the effects of perpendicular 
components of the body forces. Since the hydrodynamic model is one-dimensional, 
perpendicular body forces do not affect the axial pressure gradient. The perpendicular 
body forces, however, create a pressure gradient within the liq~id which is perpendicular 
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to the flow direction. Referring to Eq. 2-26, this pressure gradient is 
(
~).1 !JV • Pz. g .L .. - P.e. g cos B (2-26) 
The total pressure difference in the liquid across the heat pipe becomes: 
(2-47) 
where the integration is extended from the bottom (y • 0) to the top (y • Ow) of the 
wick. Equation 2-47 holds for any axial location x. This pressure difference creates 
an additional capillary pumping requirement. The wick must be capable of supporting the 
interfacial pressure difference between any two locations within the heat pipe (including 
those at different vertical positions). The datum point of equal pressure in liquid and 
vapor will always be located at the lower liquid/vapor interface of the heat pipe 
(x • x'. y • 0 + tw). Conservatively, we locate it at the bottom of the heat pipe (y • O}. 
The point of maximum interfacial pressure difference exists at x • x". y • Ow. The 
additional interfacial pressure difference P;.1 due to the perpendicular pressure gradient 
is given by: 
(2-48) 
The amount of capillary pumping available for axial flow is therefore reduced and Eq. 2-42 
must be modified as follows: 
(2-49} 
Most aerospace heat pipes are operated very nearly in the horizontal position. In this 
case the value of the cosine is close to unity and the additional pumping requirement is 
approximately 
(2-50) 
31 
Ill r· 
)· 
I 
. ./ 
Although this term can be significant when operation at an adverse elevation is required, 
in co1m1e~cial applications where a gravity assist is employed this term will generally have 
a negligible effec~. 
2,6.2 Heat Transport Requirement and Heat Transport Capability 
Two very useful parameters in heat pipe design are the "Heat Transport Requirement" 
. 
(QL)R, and the "Heat Transport Capability" (QL)max· A meaningful definition of these 
parameters requires that: 
(1) Both liquid and vapor regimes are laminar and momentlJll! effects are 
negligible. 
(2) All geometric properties of the wick and heat pipe and the fluid 
properties are constant along its length. 
(3) At least one of the following conditions are met: 
(a) Body forces are absent, and/or 
(b) The location of minimum (x') and maximum (x") interfacial 
pressure are independent of Q (x). 
The Heat Transport Requirement and the Heat Transport capability shall be defined by 
referring to the pressure balance (Eq. 2-42) within the heat pipe. Using the applicable 
expres~io~s (Eqs. 2-4, 2-20, 2-25, and 2-29) for the pressure gradients in liquid and 
vapor and Eq. 2-41 for the maximum interfacial pressure difference, the pressure balance 
(Eq. 2-42) can be written as follows: 
Opcap. !r.: [ {- ( p3~❖ ) v • ( K(x) A(x) P ), 
( 1 + · ~2 q,) } ¥- + P9. g sin a] dx (2-51) 
Using the above assumptions, Eq. 2-51 can then be rearranged to the following simplified 
form: 
x" x" 
!, - Cf Q dx + J. Pi g sin B dx 
x' x' 
(2-52) 
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where the constant C combines the wick and working fluid properties and is given by: 
(2-53) 
In both Eqs. 2-51 and 2-52, the integration is extended from the point of minimum (x') 
to maximum (x") interfacial pressure difference. Further rearrangement of Eq. 2-52 yields: 
t . Q (x) dx lJ. Pcap [X pt g sin a < c_+ . dx . C X (2-54) 
The left side of Eq. 2-54 represents the heat transport requirement; i.e., the heat trans-
port that fs determined by the axial djstribution of heat flow rates. The right side of 
Eq. 2-54 describes the capability of the heat pipe to meet these requirements for a 
specified orientation. 
The Heat Transport Requirement is defined as the integral on the left side of Eq. 2-54: 
x' 
{QL)R = / Q (x) dx 
x" 
(2-55) 
It is completely described by the distribution of heat flow rates which fs a function of 
the app~i~ation only; it is independent of the heat pipe parameters and its orientation. 
If Eq. 2-54 is examined, it is seen that the right side is independent of the heat 
transport requirement. It contains only physical heat pipe properties; i.e., wick vapor 
space and fluid properties and the orientation with respect to gravity. This term sets 
the upper limit for the Heat Transport Factor. It is therefore convenient to define the 
capability of the heat pipe in a form that permits a direct comparison with the require-
ments, namely, the heat pipes Heat Transport Capability is defined as: 
x' 
• lJ. Pcap 1 Pt g sin a {QL)max = C + ,JI!' C (2-56) 
From the definition of {QL)max' it is observed that tt is necessary to impose the restriction 
. 
that either body forces are absent or x' and x" are independent of Q (x). If at least 
. 
one of these conditions is not met, (QL)max will be dependent on the heat transport require-
ment, and Eq. 2-56 will not describe the capability of the heat pipe. 
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Using the two definitions, Eqs. 2-55 and 2-56, the pressure balance assumes a 
simple fonn: 
. . 
(QL)R ~ (QL)max (2-57) 
. 
It must be emphasized again that (QL)R represents the heat transport requirement as 
prescribed by the application and (QL)max represents the heat pipe's transport capability 
. 
to meet these requirements. The symbol QL for both parameters has not been chosen 
. . 
arbitrarily. both (QL)R and (QL)max are given in watt-meter or, more co111'110nly, in watt-
inches. 
The significance of the Heat Transport Requirement and the Heat Transport Capability 
can best be realized by examining two special but very important cases. 
(1) The first case involves a -heat pipe operating in a 0-g environ-
ment. No restrictions shall be placed on the shape of the 
heat pipe* or the distribution of evaporators and condensers. 
Once this distribution has been specified, the net axial heat flow 
. 
rate Q (x) can be obtained from Eqs. 2-43 and 2-46. Beeause of 
the assumption of unifonn wick properties and the absence of dynamic 
effects and body forces. the interfacial pressure difference tp1· (x) 
is proportional to Q (x). Thus the locations x' and x" of the lowest 
and highest value of ~P; are completely determined by the distribution 
. 
of Q (x) and are independent of the heat pipe's geometry. The Heat 
Transport Requirement (QL)R is found from Eq. 2-55 and is also specified 
by the distribution of heat loads. 
The Heat Transport Capability (QL}max 1s given by: 
(QL) 
max 
• ~ Pcap 
C 
*As long as the one-dimensional flow model applies. 
34 
(2-58} 
. 
Closed fonn solutions for (QL)max which apply to this special case may 
be found in Chapter 4. Any distribution of heat ~nput and output 
. . 
which \esults in a (QL)R that is less than (QL)max for a given heat 
pipe will be compatible with that heat pipe design. 
(2) Another special, but frequently encountered case is that of a straight 
heat pipe which is operating in a gravity field and in the "heat pipe 
mode." The latter shall be defined by the following two conditions: 
(a) The angle between the positive x axis and the horizontal _is 
less, than zero, i.e., evaporator above the condenser (S < O) • 
. 
{b) The net axial heat flow rate Q is positive (or zero) at all 
axial locations x. 
The above conditions state that the net axial heat flow rate should 
everywhere have a component in the direction of gravity. For tnis 
special case it can b~ shown that the points of maximum and minimum 
interfacial pressure are always located at the ends of the heat 
pipe, f .e., 
x" • O, x1 • L (2-59} 
For this case, the Heat Transport Requirement becomes 
. L 
(QL)R • f Q (x) dx (2-60) 
0 
The Heat Transport Capability Factor (QL)max can be found by carrying 
out the integration in Eq. 2-56: 
(QL) • -c1 (A p + P~ g L sin a) max cap .. (2-61) 
The first term on the right side of Eq. 2-61 represents the Heat 
Transport Capability Factor in the absence of gravity. Eq. 2-61 can 
therefore be expressed as: 
• • l',i g L 
(QL)max • (QL)max,0-g + C sin 6 (2-62) 
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As expected, operation at an adverse elevation reduces the heat transport 
capability in 1-g. Equation 2-62 describes the reduction of the "0-g" Heat 
Transport Capability Factor due to a gravitational hydrostatic head. 
2.6.3 Closed Form Solution 
Closed form solutions of the hydrodynamic transport equations may be found for several 
heat pipe cases. One of the most useful is for the conventional heat pipe shown in 
Fig. 2-7 which has uniform heat addition and removal near the two ends, unifonn wick 
properties along the length, and is operated in the "heat pipe mode" (S < O, evaporator 
above condenser). Additional requirements necessary to obtain explicit closed form 
solutions are laminar flow in the liquid and the vapor and negligible momentum pressure 
gradients. Although the requirements _of laminar flow and the absence of momentum effects 
appear restrictive, good design practices usually avoid these regimes altogether. Special 
modes of operation such as the start-up transients of liquid metal heat pipes are exceptions. 
The Heat Transport Capability for this conventional heat pipe is given by Eq. 2-61. 
Using the appropriate expressions for the constant C (Eq. 2-53) and for ~Pcap (Eq. 2-9 in 
. 
conjunction with Eq. 2-49), {QL)max becomes: 
. 
{QL)max {2-63) 
The following abbreviations have been used in Eq. 2-63 
(1) The parameter n is defined as the_ ratio of the sum of all pressure 
differences resulting from body forces to the avaflable capillary 
pressure, 1. e., 
• _ [ r P D cos S 
Tl 2 ~ COS 8 
where¾ is the Wicking Height Factor, and is a property of the 
working fluid only: 
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(2-64} 
(2-65} 
., 
Total 
g L •Le+ La+ Le 
Unifonn Heat Flux at 
Evaporator and Condenser 
Fig. 2-7. Conventional heat pipe with unifonn heat loads 
(2) The parameter F1 represents the ratio of the viscous pressure drop 
in the liquid to the sum of all the pressure drops in the liquid and 
vapor. 
F • L 
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(2-66) 
(2-67) 
j 
As mentioned previously,Eqs. 2-63 and 2-67 assume unifonn wick 
properties. In the case of the axially grooved geometry the effect 
of meniscus recession can have a significant impact on the magnitude 
of the permeability Kand the wick area Aw. However, as shown in 
Ref. 8 a closed form approximation of these parameters can be 
obtained. Hence the values of K, Aw•¢ and fin Eqs. 2-63 and 2-67 
can be taken as average values. Specific relations which define the 
value for a given groove geometry are presented in Chapter 4. 
(3) The Liquid Transport Factor N.e. is a property of the working fluid 
and is defined as: 
r.p.,_Aa) 
N.e. • \ µ 1 
'- . 
(2-68) 
Equation 2-63 defines the maximum heat transport capability of a conventional heat pipe 
provided that capillary pumping is the limiting factor. Since in most applications the 
capillary limit is the controlling one, Eq. 2-63 is one of the most useful expressions for 
the design of heat pipes. 
In order to obtain an expression for the maximum amount of heat which the pipe can 
transport, the Heat Transport Requirement is equated with the Heat Transport Capability 
Factor: 
. . 
Q dx •· (QL·}max (2-69) 
. 
Referring to Fig. 2-7, the axial heat flow rate Q (x) can be expressed in tenns of the 
. 
total heat input Qt for each of the following regions: 
. . 
Evaporator ~ < x < _Le Q (x) • Qt x/L.e. ) . . Transport Section Le< X <Le+ La Q (x) • Qt (2-70) 
. . 
Condenser L - Le< X < L Q (x) • Qt(L - ~Le 
If the integration in Eq. 2-69 is carried out, an explicit expression fs obtained for the 
. 
total heat transport or heat flow rate Qt: 
' . (1 1 ) (QL)max = Qt 2 Le+ La+ 2 Lc (2-71 ) 
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It is often convenient to define an "effective length" of the heat pipe as follows: 
(2-72} 
Eq. 2-69 then becomes: 
. . 
Qt -1 eff • (QL)max (2-73) 
. 
Using Eqs. 2-63 and 2-73, the following expressions for the maximum heat flow rate Qt 
1s obtained: 
- - ~~-_· -"'.-- ...... 
• 2 KA (1 + n} cos\ Ft 
Qt • w N • 
rp Leff · 1 - (2-74) 
It 1s important to note that the defin.ition for the effective heat pipe length (Eq. 2-72) 
applies only for the special case of unifonn heat input and heat output at two separate 
locations. For non-unifonn heat distributions the integral of (Q dx) in Eq. 2-69 must be 
solved fn order to obtain an applicable effective length to be used in Eqs. 2-73 and 2-74 • 
. Since in the limit the ma~imum transport capability must equal the maximum transport 
requirement, Eq. 2-74 states that a given heat pipe geometry will satisfy any combination 
. - - - - ---
of total heat load Qt and effective length Leff which results in the same product (i.e. 
(QL}R). 
2.7 OTHER HEAT TRANSPORT LIM"ITATIONS 
In addition to the capillary pumping limit discussed above, the circulation of the 
working fluid is restricted by several other limitations. 
2.7.1 Sonic Limit 
The evaporator section of a heat pipe represents a constant area vapor flow duct 
with mass addition through the evaporation process. The vapor velocity increases steadily 
along the length of the evaporator section due to the progressively increasing mass flow 
and reaches a maximum at the evaporator exit. It can be shown (12) that tbe limitations 
of such a flow regime are comparable to that of a converging nozzle with constant mass 
flow. The evaporator exit corresponds to the throat of the nozzle. The maximum vapor 
velocity which can exist at the evaporator exit corresponds to Mach 1. This choked flow 
condition is a fundamental limit on the axial vapor flow in a heat pipe. This limit does 
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not exclude the possibility of supersonic flow in other sections of the heat pipe. rn 
fact, Kenrne (4) (13) has reported supersonic flow conditions in the condenser section 
of liquid metal heat pipes. 
The axial heat flux for the sonic limit is obtained oy calculating the mass flow 
rate at Mach 1: 
. 
Q • Pv A Vs r::; (2-75) 
where the sonic velocity Vs is given by the familiar equation: 
(2-76) 
At the sonic limit, therefore, the ma~s flow rate per uni.t area and the corresponding 
axial heat flux depend only on the properties of the working fluid and tn turn the 
operating temperature. The limiting axial heat flux has, therefore, been included as a 
derived fluid property in ·volume II. 
The axial heat flux at sonic conditions must be evaluated using the local temperature 
at a choking point. This temperature is considerably lower than the stagnation temperature 
which is measured at the entrance of the evaporator. Stagnation and locai static tempera-
ture at Mach l are related through the expression: 
T • T (1 + y -2 
1) stagn (2-77) 
For liquid metals with a ratio of specific heats of 5/3 the static temperature is only 
75% of the stagnation temperature at M = 1. Levy (12) presents an equation which gives the 
limiting axial heat flux at sonic conditions in terms of the stagnation temperature 
(the temperature at the beginning of the evaporator} which is often more convenient to 
use: 
• . p A V JL • V S 
~ . ✓ 2 (Y + l) 
(2-78) 
In Eq. 2-78, the fluid properties, e.g., pv• i.. and Vs (Eq. 2-76), are evaluated at the 
stagnation temperature. 
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When the sonic limit is exceeded, it does not represent a failure as catastrophic c~ 
exceeding the capillary limit. When the sonic limit is reached, further increase in the 
mass flow rate and therefore the heat transfer rate can be realized only by increasing the 
stagnation pressure upstream of the choking point. To some extent this will occur 
automatically since the evaporation temperature will rise (and with it the saturation 
temperature and therefore the stagnation pressure) as soon as the total heat input and 
total heat output begin to diverge. Operation at or near the sonic limit results in large 
axial temperature differences along the heat pipe. 
2.7.2 Entrainment Limit 
Like the·sonic li~it the entrainment limit is also a characteristic of hfgh axial 
vapor velocities. Since liquid and v~por are in direct contact along the heat pipe, 
separated only by the meniscus at the wick, a mutual shear force exists between them. At 
low relative velocities, this shear force will only add to the· viscous drag in both phases. 
Because the vapor velocity is usually much higher than that of the liquid, the effects will 
be most noticeable in the liquid phase. If the relative velocity becomes too great, the 
interface becomes unstable and liquid droplets are torn from the wick and "entrained" 
in the vapor. The first observation of this phenomenon was made at Los Alamos Scientific 
Laboratory through the sound made by droplets striking the condenser end of the heat 
pipe (14). 
Entrainment may be described by the Weber number which is a ratio of the inertial 
forces in the vapor to the tension forces in the liquid surface. The Weber number is 
defined as: 
We • 
Pv y2 
a/z (2-79) 
where Vis the average vapor velocity and z is a characteristic dimension for the surface. 
A Weber number of unity is generally believed to indicate the onset of entrainment. The 
corresponding axial heat flux is given by: 
• • {_P ....,v_a_)._2 ) 31 i; ~ .Z (2-80) 
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There is some uncertainty as to the proper choice of the characteristic dimension z. It 
is related to the wavelength of the perturbation on the liquid surface. Experimental data 
seems to indicate that a Weber number of unity corresponds to the onset of entrainment if 
z is approximately equal to the mesh size of screen material. Insufficient quantitative 
data is available to resolve the question of whether the characteristic dimension is 
related to the wire diameter (15) or the wire spacing (16). In the case of an axial groove, 
the groove's width has been used. 
The phenomenon of entrainment reduces the amount of liquid pumped back to the 
evaporator by prematurely returning it to the condenser. It thus tncreases the circulation 
losses (it might be considered an internal 11 leak") and therein 11mfts the amount of heat 
flow through the heat pipe. 
2.7.3 Heat Flux Limit 
In addition to the capillary. the sonic. and the entrainment 1 imits the heat pipe 
perfonnance is also limited by the evaporator heat flux. Heat is transferred into and out 
of the heat pipe through the pipe wall and through at least part of the wfci. If the radial 
heat flux becomes excessive. the circulation of the working fluid can be severely affected 
and the heat transport capability may be controlled by the radial heat flux rather than 
by the axial heat transport. 
The limitation of the axial heat flux is not nearly as well understood as the 
condenser• flooding hydrodynami_c limits. There appears to be no limit to the beat flux 
at the condenser. High condenser heat fluxes contrfbute 1 of course, directly to the heat 
pipe conductance but they do not affect circulation of the working fluid. The evaporator 
heat flux. on the other hand, has definite upper bounds which limit the axial heat 
transport. Unlike the previously described limits, which specify a maximum axial heat 
. . 
transport Qt• the heat flux limit specifies the maximum radial evaporator neat flux qe. 
The two quantities are related through the evaporator area Ae: 
(2-81) 
Thus, for a given evaporator geometry. the heat flux limit also specifies the maxt.mum 
axial heat transport. 
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The heat flux limit is generally considered to coincide with the onset of nucleate 
boiling in the wick. Heat is conducted from the heat pipe wall through the wick, and 
evaporation is assumed to occur at the liquid-vapor interface. This model has been 
substantiated by extensive experimental evidence (17, 18, 19). When boiling occurs within 
the wick the presence of the vapor bubbles that are generated reduce th~ liquid flow area. 
and consequently decrease the transport capability. 
With the onset of nucleate boiling, the hydrodynamic equations previously developed 
are no longer applicable since they were based on one-dimensional, laminar, liquid flow 
in a fully saturated wick. Breakdown of the mathematical model does not necessarily 
indicate a heat transfer limit. Since the hydrodynamic theory does not account for 
boiling 1n the wick, it is good design practice to define the heat flux limit as the onset 
of nucleate boiling. 
The boiling heat flux limit corresponds to the conduction heat flux which yields a 
•critical" super heat ATcr in the liquid. The boiling heat flux limit is therefore: 
K 
Q __ • ..!!LAT 
,nax ~ crit (2-82) 
where Keff is the effective thennal conductivity of the wick-liquid matrix. Models for 
the effective conductivity will be discussed in Section 2.8. 
M.arcus (20) has derived an expression for the critical super heat which is based 
on criteria similar to those which apply to nucleate !>oiling from planar surfaces. 
A T • sat 2a A T ( ) cri t A pv r n - ( Pi ) max {2-83) 
where Tsat is the saturation temperature of the fluid and rn is the effective radius of 
the critical nucleation cavity. This equation is based on the assumption that a bubble 
of a certain size will grow if its internal vapor pressure associated with the local super-
heat exceeds the restraining forces of saturation and capillary pressure. The radius 
of nucleation cavities, rn• is a function of the bailing surface. Typical values for 
S110oth surfaces are between 10-4 and 10-3 cm. For wicked surfaces, little ts known about 
the critical radii of nucleation cavities but an upper bound is certainly the pore size 
of the wick. 
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The model predicts very conservative superheat tolerances. Even if the lower bound 
for the criti~al radius is used, the calculated critical superheat is sometimes one 
order of magnitude _lower than that actually measured. Marcus (17) attributes this to the 
absence of a gaseous phase at the nucleation sites because heat pipes contain a highly 
degassed working fluid. However, incipient boiling is difficult to detect through tempera·-
ture measurements alone and many wicks which provide for adequate venting of internally 
generated vapor can tolerate some nucleate.boiling without affecting the hydrodynamic 
limit. 
A definite upper heat flux limit exists for every wick, and it is reached when the 
vapor generated within the wick is at such a high rate that it cannot escape fast enough 
from the heated surface. This is equivalent to the inability of the capillary forces to 
replenish liquid at a sufficient rate.· Boiling in the wick and the associated heat flux 
has been the subject of many investigations. Because of the present lack of a consistent 
theory that has been tested experimentally, it is premature to include this infonnation 
in a Handbook. 
2.8 HEAT TRANSFER 
The preceding sections have dealt with the maximum heat transfer capability of the 
heat pipe. In this section the thermal conductance of a heat pipe which is operating at 
heat loads which are below the hydrodynamic or heat flux limits is discussed. When 
operated below any of its limits, the heat pi.pe is a thennal conductor of extremely high 
conductance. As mentioned previously, heat pipes are frequently referred to as tsothennal 
devices. In reality their conductance is finite but very high. In defining the conductance 
of a heat pipe, one has to distinguish between its internal conductance and that of the 
interfaces between the heat pipe and the environment. Furthermore, the internal conductance 
is a composite of the radial heat transfer {at the evaporator and the condenser) and of 
the axial vapor mass transport. In most cases the conductance associated with the heat, 
input and output mechanisms. (external and internal) is much lower than the one associated 
with axial vapor and liquid transport. The overall conductance is therefore limtted by 
input/output conductances--a fact which is very important in heat pipe destgn. 
44 
The thermal model of a fixed conductance heat pipe is shown fn Ffg. 2-8. 
thermal resistance, R, is composed of a series of individual resistances: 
The total 
R + R + R 
·"W,c en,c ext,c l (2-84). 
Frequently, ft is more convenient to describe the heat transfer characteristfcs by a 
conductance, C, rather than a resistance, R. The two are related through: 
C • l r 
In terms of conductance, Eq. 2-84 becomes: 
l 1 l l 1 1 
ct. cext,e + cen,e + cw,e + ~ + c; + 
_l + _l_ + _L + _l __ _ 
cc cw,c cen,e cext,c 
Heat Source 
(2-85) 
I (2-86} 
Heat Sink 
Fig. 2-8. Thermal model of a fixed conductance heat pipe 
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Each of the individual conductances, which are introduced oy Eq. 2-86, are discussed in 
the following paragraphs. 
(1) Cext,e-is the conductance between the heat source and the exterior 
of the evaporator. Its magnitude will, in general, depend on the 
application of the heat pipe. When it is closely coupled to tne 
heat source, which is most frequently the case, this conductance is 
directly proportional to the external evaporator area 
C • h A ext, e ext,e ext,e (2_-87) 
The external heat transfer coefficient, h is a function of ext,e 
the type of thennal interface. Representative values can be 
found in Ref.(21). 
(2) Cen~e is the conductance of the heat pipe envelope (wall) at the 
evaporator. For cylindrical geometries 
C ( 2k A ) 
en,e • D ln ~ 
0 i en,e 
(2-88} 
If the wall thickness is small compared to the diameter of the heat 
pipe this conductance reduces to: 
cen,e • ( \ A ) 
en,e 
(2-89) 
(3} cw,e is the conductance of the wick at the evaporator. This term is 
usually the most difficult one to evaluate and is frequently a very 
significant contributor to the overall conductance. In the absence 
of nucleate boiling, heat is transmitted by conduction from the 
heat pipe wall, through the wick, and to the liquid-vapor interface 
which is the site of evaporation. This conduction can be expressed 
1n terms of an internal heat transfer coefficient, hint,e: 
C • (hA)int,e w,e 
(2-90) 
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For some wick geometries, analytical expressions or at least 
approximations can be found for the internal conductance. In 
the case of a i;orous wick located at the wall of the heat pipe, 
the internal evaporator conductance becomes: 
For· thin wick structures, Eq. 2-91 reduces to a form similar to 
Eq. 2-89. 
The effective wick conduc~ivity kw has been the subject of many 
studies (18, 19, 22). For a porous wick saturated with liquid, 
the effective conductivity is bracketed by the two extremes of 
parallel or series conduction paths: 
(series) · (parallel) 
(2-91) 
{2-92) 
For metallic wicks and insulating liquids, the range of kw 
covered by Eq. 2-92 is extremely broad. Conservative design 
would use the series conduction model. If the liquid 
conductivity k1 is much lower than that of the solid, the series 
model essentially represents the conductivity of a liquid layer 
whose thickness is weighted by the porosity of the matrix. For 
the case of an annular wick, Eq. 2-92 gives the correct result 
if t • 1 is used. 
In many high performance heat pipes, the bulk of the wick is 
removed from the wall in order to minimize the conductive 
temperature gradient. A secondary wick is then employed for 
circumferential distribution which consists of either a very 
thin layer of porous material,circumferential grooves, or a 
combination of screen covered screw thread grooves as in the 
case of the inverted meniscus design (23). Screw thread 
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circumferential grooves have been used in most of the recently 
developed high performance heat pipes. References (24) and (251 
provide thermal analyses of circumferential grooves. 
However, these models are relatively complicated and tend to over-
predict the film coefficients, particularly in_the evaporator. The 
best design approach is to use measured values wherever possible. 
Film coefficients that have been obtained with various fluid/wick 
combinations are presented in Chapter 4. Generally, these values 
are for equivalent film coefficients which account for the wick 
conductance and the evaporation or condensation process as discussed 
in subsequent paragraphs. 
(4) Cev is the conductance associated with the vaporization process 
at the liquid-vapor interface. This conductance is usually very 
large and contributes little to the overall conductance. Cotter (1) 
derived an expression, based on gas kinetics, for the pressure 
difference between the sites of vaporization and the bulk of the 
vapor. This expression, in terms of a heat transfer coefffcient ts: 
a "A.
2 
Pv ~ MW h • --y-~ R f 2n 
0 
(2-93} 
The ·numerical factor (a) is of the order of 1. It accounts for tbe 
probability of condensation of an impinging vapor molecule. The 
vaporization conductance Cev is obtained from Eq. 2-93 using a 
relation similar to Eq. 2-90 but based on the area of the liquid-
vapor interface. In the case of axially grooved heat pipes, 
Kamotani (26,271 has recently developed an expression for an equivalent 
evaporator film coefficient as 
(2-94} 
where: 
kp • 0.0701 for the evaporator, and 0.0221 for the condenser 
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(5) Cv is the thermal conductance associated with the axial vapor 
flow. This is the only term which, because it is generally 
proportional to the vapor's viscous pressure drop, is also 
proportional to the length of the heat pipe. The temperature 
drop associated with this conductance is proportional to the 
axial heat flow whereas all other drops are proportional to 
the radial heat flux. 
For a given vapor pressure drop, the corresponding temperature 
difference can be found. Based on the definition of Cv and 
using the Clausius-Clapeyron Equation, the following expression 
is obtained: 
If the vapor flow is predominantly viscous, ~Pv is proportional 
. 
(2-95) 
to Q and to the length of the heat pipe. Cv then becomes a true, 
axial conductance which may be compared directly to that of a 
solid conductor. Since this tenn represents the minimum tempera-
ture drop that can be experienced, heat pipes have frequently 
been compared on t~is basis to other conductors. It must be 
noted, however, that Cv is only a small contributor to the overall 
heat pipe conductance and that the comparisons are therefore not 
very meaningful. 
{6) Cc, Cw,c' Cen,c' Cext,c_are the conductances at the condenser end 
of the heat pipe and their expressions are identical to those 
at the evaporator. If the condenser geometry differs from that of 
the evaporator, the numerical values will be affected but the 
preceding Eqs. 2-87 through 2-94 will apply. 
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A combination of the individual co~t:ibutions yields the overall conductance as 
expressed in Eq. 2-86. This expression can be simplified; since the external interfaces 
are not part of the heat pipe and they should be treated separately. Hen~e, by excluding 
the interface conductances and combining the contributions of wall and wick and vaporiza-
tion or condensation at the evaporator or at the condenser as applicable, a simplified 
expression for the overall heat pipe conductance can be obtained as 
(2-96} 
where Ae and Ac are the external areas of the evaporator(s) and condenser(s) and heq,e and_ 
heq,c are the respective combined heat transfer coefficients·. Since l/Cv is relatively 
small compared to the other two terms, Eq. 2-96 illustrates that heat pipes are best 
utilized where heat is to be transported over relatively large distances. The evaporator 
and condenser conductances are independent of the heat transport length and only the 
relatively small tenn 1/Cv is proportional to the heat pipe. In the limit for very short 
heat pipes, this insensitivity to length sometimes renders the heat pipe inferior to 
solid conductors because the temperature drops at the evaporator and condenser can be 
significant depending on the radial heat flux. 
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VARIABLE CONDUCTANCE HEAT PIPE THEORY 
The conventional fixed conductance heat pipe discussed· in Chapter 2 is a completely 
passive device. It is not restricted to a fixed operating temperature but adjusts its 
temperature according to the heat load and the sink condition. Although its thermal 
conductance is very high, it is nevertheless a nearly constant parameter. 
However, there are many potential heat pipe applications in which a specific opera-
ting temperature range is desired along certain portions of the pipe even though source and 
sink conditions are changing. In those cases, it becomes necessary to actively or passively 
control the heat pipe so that it maintains the desired operating temperature range. Tempera-
ture control is obtained by varying one or several of the conductances that make up the 
heat pipe's overall thennal conductance. Similarly there exist many applications where 
heat pipe operation as a (1) thermal diode or (2) a thermal switch is required. In either 
case, the objective is for the heat pipe to operate at the limits of variable conductance 
as an effective heat conductor or as a thermal insulator. Again, it is necessary to 
introduce an active or passive control feature to effect this behavior. Traditionally, 
variable conductance has been used to describe control provided by "gas-loaded" heat pipes. 
As discussed in the next section there are four types of variable conductance pipes: 
(1} gas-loaded heat pipes; (2) excess-liquid heat pipes; (3} liquid flow-modulated 
heat pipes; and (4) vapor flow_.modulated heat pipes. 
This chapter discusses the different methods for obtaining variable conductance 
operation and the associated theory. Fixed conductance heat pipe theory is still applicable 
to determine the transport capability of the heat pipe. Variable conductance theory, as 
presented in Sections 3.2 through 3.4,consists of the analysis and mathematical models that 
define the particular control technique and the associated variable conductance operation 
of the heat pipe. 
3.1 TECHNIQUES FOR VARYING HEAT PIPE CONDUCTANCE 
The basic conductance model of a heat pipe is presented in Section 2.8. For ease of 
reference, a slightly simplified model is shown in Fig. 3-1 in which the evaporator and 
condenser conductances are lumped together. In this model, Ce represents the conductance 
between the heat source and the vapor in the heat pipe, Cv is the internal resistance 
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along the length of the pipe, and Cc is the conductance between the heat pipe vapor and 
the ultimate heat sink. The overall conductance C between the source and the sink is 
given by Eq. 3-1. 
1 C • _l ___ l;;,.. --1~ 
- + - + -Ce Cc CV 
(3-1) 
Cv 
Tv,e 
aj c, a! Cc 
Heat Heat 
Source Sink 
T T 
Fig. 3-1. Conductance model of heat pipe 
In principle, a variable heat pipe conductance can b~ achleved by modulating any one or 
several of the individual conductances that make up the overall conductance. A number of 
techniques exist to achieve variable conductance, and they can be grouped into the 
following four categories: 
1. Gas-Loaded Heat Pipe 
This technique consists of introducing a fixed amount of non-condensible 
gas into the heat pipe which during operation will form a "plug" which blocks 
the vapor flow. A schematic or a gas-loaded VCHP is presented in Fig. 3-2. 
Typically, a reservoir is added to acconmodate the gas when "full-on" heat 
pipe operation is required. As vapor flows from the evaporator to the condenser, 
it sweeps the non-condensing gas which accumulates in the cold end of the heat 
pipe. The gas therein forms a barrier to the vapor flow and effectively 
,.shuts off" that portion of the condenser which it fills. The length of the 
plug and therefore the condenser conductance depends on such factors as the 
system's operating temperature, heat source and sink conditions, reservoir size 
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Fig. 3-2. Gas-loaded variable conductance heat pipe 
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b. Thermal Diode 
Fig. 3-3. Schematics of excess-liquid heat pipes 
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and reservoir temperature, etc. The influence of these parameters as well as 
the various methods for obtaining gas-loaded VCHP control are discussed in 
the next section. It should also be noted that gas blockage can also be used 
to effect diode and switching op·erations; however, the transients associated 
with the "shutdown" or "switching" operations can be prohibitive with a gas-
loaded system (l}. 
2. Excess-Liquid Heat Pipe 
This approach is analogous to the "gas-loaded" heat pipe except that 
excess liquid accumulates as a slug in the condenser end rather than a 
non-condensible gas. Control with this technique tends to be less sensitive 
to variations in sink conditions; however, the actual designs can be more 
difficult to implement. Fig. 3-3a shows one method for obtaining variable 
conductance with excess liquid. Again a reservoir is utilized and it is 
located inside the heat pipe envelope. The effective volume of the reservoir 
is varied by means of a bellows which contains an auxiliary fluid in 
equilibrium with its vapor. Adjustment of the bellows to changes in system 
temperature changes the reservoir volume therein allowing the excess liquid 
to move into or out of the condenser. 
Fig. 3-3b illustrates a thennal diode heat pipe which utilizes liquid 
blockage to "shut off" t~e heat piping action in the reverse direction. In 
the nonnal forward mode operation the excess liquid is swept into the reservoir 
at the condenser end. When conditions arise (e.g. an increase in sink tempera-
ture due to orbital conditions, etc.) which cause the condenser temperature 
to rise above the evaporator, the direction of vapor flow is reversed. The 
excess liquid is then driven from the reservoir into the normal evaporator 
section thus blocking the vapor flow and inactivating that section for heat 
rejection. Thus, the heat source is insulated from the hot condenser end with 
the result that the heat piping action is only effective in the forward mode. 
3. Liquid Flow Control 
Liquid flow control involves either interrupting or impeding the condensate 
return in the wick in order to "dry-out" part or all of the evaporator. This 
technique achieves control of the evaporator conductance by affecting the 
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circulation of the working fluid and therein creating a hydrodynamic 
failure in the evaporator section. 
Liquid flow control is limited generally to providing "on - off" 
control for diodes and thermal switches when the heat ·source is a 
dissipative one since the hydrodynamic failure will result in a non-unifonn 
temperature distribution at the heat source. However, for fixed temperature 
sources, continuous modulation of the heat pipe conductance by varying the 
wick flow resistance is acceptable since partial evaporator dryout simply 
results in reduced heat transfer into the pipe. 
Fig. 3-4a shows a liquid trap diode heat pipe for aerospace application. 
In this case, a wicked reservoir is located at the evaporator end. This 
reservoir does not conmunicate W'fth the main wick; therefore, when the 
temperature gradient is reversed.liquid evaporates at the hot side of the pipe 
and then condenses and is trapped within the reservoir. As a result, the 
wick becomes partially saturated and ultimately the condensate cannot 
return to the heat input section and the heat piping action is effectively 
shut "off." 
A gravity operated diode heat pipe is shown in Fig. 3-4b. Here a 
reversal of the temperature gradient causes the liquid to collect at the 
bottom of the pipe where it cannot be pumped back up against the gravitational 
force. 
4. Vapor F1 ow Contro 1 
Vapor flow control involves throttling or interrupting the vapor as 
it proceeds from the evaporator to the condenser. This creates a pressure 
drop between the two sections-and hence a corresponding temperature drop. 
A schematic of a vapor modulated variable conductance heat pipe is given 
in Fig. 3-Sa. A bellows and auxiliary fluid are used to effect the throttling 
action. An increase in heat load or source temperature causes a rise in the 
vapor temperature which in turn causes the control fluid to expand and 
partially close· the throttling valve therein creating a pressure differential., 
This method of control is substantially limited by the fact that the 
evaporator to condenser pressure differential must not exceed the capillary 
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Fig. 3-4. Schematics of liquid-flow modulated heat pipes 
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Ffg. 3-5. Schematics of vapor-flow modulated heat pipes 
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pressure developed by the fluid/wick combination. If the valve arrangement 
is reversed to that shown in Fig. 3-Sb, a diode ar.tion is achieved when 
conditions arise which reverse the normal temperature gradient. 
3.2 VARIABLE CONDUCTANCE WITH GAS-LOADED HEAT PIPES 
The principle of this technique is the formation of a gas plug at the condenser end 
of the pipe which prevents vapor from condensing in the part blocked by the gas. This plug 
is the result of introducing a fixed amount of a non-condensible gas into the heat pipe. 
In the absence of circulation of the working fluid (i.e., without heat transport) the 
gas is uniformly distributed within the vapor space except for a small amount which is 
dissolved in the liquid phase of the working fluid. During operation a steady flow of 
vapor exists from the evaporator to the condenser. The gas is swept by the vapor to the 
condenser. Unlike the vapor, it does not condense but forms a "plug" at the condenser 
end of the heat pipe. 
Variable conductance variation through the addition of a non-condensible gas is 
particularly attractive because it accomplishes passive control of the vapor temperature. 
In a conventional {fixed conductance) heat pipe, the vapor temperature adjusts itself in 
order to meet the heat rejection requirements for a given sink condition. Thus, if the 
heat load and/or sink temperature increases, the vapor temperature will also rise. In 
a gas-loa~ed heat pipe, the fixed amount of gas occupies part of the condenser; the length 
of the gas plug being dependent on the vapor {and sink) temperature. If the heat load is 
increased, the vapor temperature tends to rise as in the fixed conductance heat pipe. 
However, the corresponding increase in vapor pressure of the working fluid compresses the 
gas plug, thereby increasing the size of the active condenser. This results in a higher 
conductance which effectively opposes the tendency of the vapor temperature to increase. 
Similarly, if the heat source and/or sink temperature decreases, the vap~r temperature and 
pressure tend to drop which permits the gas plug to expand, the conductance of the heat 
pipe to decrease, and the vapor temperature decreases to be minimized. A gas-loaded heat 
pipe therefore reduces fluctuations of the operating temperature and behaves as a self-
controlled VCHP. 
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3.2. l Flat-Front Theory 
A simplified model of a gas-loaded heat pipe whose condenser is partially blocked ts 
shown in Fig. 3-6 •. The corresponding gas and vapor distributions that apply during opera-
tion are also presented. As indicated in this figure, the interface between the gas and 
vapor is not a sharp one because it is controlled by mass diffusion and axial conduction 
effects which are discussed in a later section. However, a good understanding of the 
operational characteristics, and certainly preliminary designs.can be obtained by utilizing 
a mathematical model which assumes that a "flat-front" exists between the vapor and gas. 
The following assumptions are employed with this model: 
(1) Steady state conditions exist. 
(2) The interface between the active and shut-off portions of the pipe 
is very sharp. 
(3) The total pressure is unifonn throughout the pipe (i.e. the vapor 
temperature drop is negligible). 
(4) Axial conduction can be neglected. 
(5) The gas-vapor mixture obeys the Ideal Gas law. 
In addition, if the heat transfer to the environment can be expressed in tenns of a heat 
transfer coefficient he• the ~ondenser conductance is proportional to the active condenser 
length Lc,a and is defined as 
(3-2) 
These assumptions and the following Eqs. completely describe the operation of a gas-loaded 
heat pipe. 
(A) Conservation of Mass 
(3-3} 
(B) Law of Additive Partial Pressures 
(inactive condenser) I 
(reservoir) 
(3-4) 
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Adiabatic 
Evaporator Section Condenser 
Gas 
Storage 
Reservoir 
" ,-- -----\ ,' 
,\ 
Ptotal 
Pgas 
(3-5) 
____________ / '------ Pvapor 
Length 
Fig. 3-6. Distribution of gas and vapor in a gas controlled VCHP 
The reservoir size and gas load are detenntned by the following two extremes of operation: 
(a) Maximum Condition -- Maximum heat load at the highest sink temperature. 
Optimum operation of the heat pipe under this condition will have the 
heat pipe's condenser fully 11open. 11 Thus the maximum condition determines 
the reservoir size required to contain the non-condensible gas. 
and 3-5 can be solved to give 
V • {m R) [Pv - Pv,r]-1 
r g T 
-r max 
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Eqs. 3-4 
(3-6) 
(b) Minimum Condition -- Minimum heat load at the lowest sink temperature. 
Operation at the minimum condition requires that part or all of the 
heat pipe's c~ndenser and adiabatic sections be "shut-off" consistent with 
the temperature control requirements. Hence, the gas load must be sufficient 
to block that portion of the pipe required to satisfy the minimum condition. 
The solution of Eqs. 3-3 thru 3-5 gives 
m • [pv-Pv,o] V +[Pv·Pv,r] V 
g R9 TO v, im R9 Tr r m1n m1n 
(3-7) 
where vv,im is defined as the volume of the vapor space in the inactive 
part of the heat pipe at the minimum condition. 
The following two terms are def1~ed for the purpose of simplifying these Eqs: 
p - p 
f : V V,O ·. 
o - T
0 
, 
p - p 
V : V V ,r 
r - Tr {3-8) 
The storage volume and gas charge required for any gas-controlled heat pipe can now be 
detennined by the simultaneous solution of Eqs. 3-6 and 3-7 as 
Vr 'a.min 
,,-- - -
'v,1m 'r,max • 'r,min (3-9) 
(3-10) 
These equations apply, in general, to gas-controlled heat pipes. Before proceeding to 
their application to the various types of gas-controlled heat pipes, it is important to 
understand how they relate to temperature control. 
The most important parameter in a thermal control system is the temperature control 
required (i.e., control sensitivity}. This parameter is essentially the allowable 
variation in heat source temperature (6 Ts). Once the required heat source temperature 
control has been defined, the corresponding maximum and minimum heat pipe vapor temperatures 
are determined from: 
(3-11) 
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For a coRstant resistance R5 between the heat source and neat pipe. Eq. 3-11 defines the 
. 
allowable variations of Tv for variations in Ts and Q. 
The vapor pressure (Pv,max and Pv,min) corresponding to the required vapor temperature 
limits are then determined from saturation conditions for the working fluid. Thus, while 
the temperature control required does not appear explicitly in the equations defining the 
storage requirements, it does enter implicitly through the heat pipe vapor pressures. 
One final conrnent which applies to the design of gas-controlled heat pipes is that 
the tighter the control required, the larger the reservoir size. For a specific type of 
VCHP and fixed reservoir end conditions, as Pv,min approaches Pv,max (11'r,min approaches 
V ), the denominator of Eq. 3-9 decreases and the required storage volume increases. r,max 
When the denominator becomes zero or negative, no further improvement in temperature 
control can be obtained with the type of VCHP being investigated. 
Once the design has been established,the heat pipe's conductance or steady state 
operation for a given set of conditions can be determined from Eqs. 3-9 and 3-10 and the 
heat transfer requirement (Energy Eq.) which can be expressed as 
(3-12) 
Since 
(3-13) 
It follows that 
(3-14) 
A thennal analysis of a system which utilizes a gas-loaded heat pipe requires the simultan-
eous solution of the Energy Equation and the heat pipe's Mass Balance. Hence, in order to 
locate the gas interface for a given heat load and sink condition, one must assume a vapor 
temperature and then verify that Eq. 3-14 is satisfied for the specified heat load or 
iterate accordingly and then calculate the active length. 
3.2.2 Types of Gas-Loaded Heat Pipes 
A variety of different types of gas-~oaded heat pipes have been developed which can 
be divided into wicked and non-wicked reservoir systems. 
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3.2.2.1 Wicked Reservoir Systems 
A reservoir wick is used to provide a return path for any liquid that collects in the 
reservoir either through diffusion and condensation of the vapor or through accidental 
spillage of the working fluid. The presence of a wick saturated with liquid establishes 
a saturation partial vapor pressure of the working fluid which is in equilibrium with 
the reservoir temperature. 
The reservoir wick may be an extension of the heat pipe wick or it may be an en~irely 
different type of wick. Since the reservoir wick generally only has to satisfy a minimal 
heat transport requirement, a very simple design such as multiple layers of screen 
attached to the reservoir wall is sufficient. At the maximum condition, the vapor in the 
reservoir. reduces the volume available for gas storage. However, at the minimum condition, 
the saturated vapor reduces the amount of gas required to fill the reservoir and therefore 
reduces the storage requirements. Several conditions can be factored into the design which 
affect the reservoir temperature and therefore the control characteristics of the VCHP, and 
they are as follows. 
{a) Cold Reservoir 
The simplest variable conductance heat pipe is conmonly referred to as 
a "cold reservoir" type. As shown in Fig. 3-7, 1ts reservoir is in thermal 
~uilibrium with the sink condition (i.e., Tr• T0 ). 
requirement for a cold ~eservoir system is: 
V ' r • o,min r;: 'P _, 
v,im o,max o,min 
and its gas charge requirement is: 
(mR)g • Vr 'o:max 
The location of the gas front is given by: 
L V 
~- l - r 
LC Vo 
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The storage volume 
(3-15) 
(3-16) 
(3-17). 
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} 
) 
Pv,r = Pv,o 
Fig. 3-7. Self-controlled VCHP with a wicked, uncontrolled reservoir 
The "cold reservoir" VCH~ is generally the easiest one to fabricate and 
integrate with another system an~ therefore the least expensive. However, 
because the reservoir has a wick and is 1n equilibrium with the sink 
temperature, its control capability is limited. In particular, unless 
relatively coarse temperature control is satisfactory, the cold reservoir 
type is suited for those applications where the maximum sink temperature 
is substantially less than the operating temperature and only moderate 
variations 1n heat source and sink temperature occur • 
.i.e_) Reservoir at Constant Temperature 
A relatively simple e~tension of the cold reservoir system 1s one 
fn which the reservoir is interfaced with some other component, structural 
member, etc., whose temperature is relatively insensitive to variations 
1n the sink condition (i.e., Tr• constant). This system is capable of far 
greater control than an equivalent cold reservoir type. Its storage 
volume requirement can be determined from: 
vr • 'a.min 
r= ,p . - qr v,im r,max r,min 
(3-18) 
and its gas charge requirement is: 
(3-19) 
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The location of the interface is given by Eq. 3-14, i.e. 
[' - 'l r,;:x rj L ' V ~ • _g_ • l - __!,_L L • A C 4ziax V C 
A VCHP with a temperature controlled, wicked reservoir is far less sensitive 
to variations in the sink temperature than one whose reservoir is coupled to the 
sink temperature. Conversely, for a specified control sensitivity and sink 
temperature range, the VCHP with a temperature controlled re!ervoir will require 
a much smaller reservoir size. The only restriction with a controlled reservoir 
system is that the reservoir temperature must be less than the minimum vapor 
temperature. 
When passive methods cannot be used to maintain the reservoir at a 
constant temperature, a reservoi"r heater can be employed. This is a type of 
active control wherein a feedback controller is used to regulate a reservoir 
heater such that the reservoir temperature is kept constant under varying 
sink conditions. Minimum heater power requirements result if the reservoir 
is ma_intained at a temperature just slightly above the maximum sink tempera-
ture. The equations defining the storage requirements are identical to 
those for the passive system; however, when active control is utilized it 
is generally better to control the source temperature rather than the 
· reservoir. 
(c} Feedback VCHP 
Each of the preceeding systems requi~esan infinite storage volume in 
order to provide absolute control of the heat pipe temperature (i.e., ATv • O). 
Even if nearly absolute control of the vapor temperature could be obtained 
practically, this would not guarantee that the heat source temperature 
(which is really the· parameter of interest) would be maintained constant. 
As indicated by Eq. 3-11, there is always a finite thennal impedance 
between the heat source and the heat pipe vapor temperature. Consequently, 
even though the vapor temperature is kept constant, unacceptable heat source 
temperature fluctuations could result from variations in the heat load. 
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Under these circumstances, or when the desired control cannot be obtained 
with practical reservoir sizes, an active feedback system can be employed •. 
In the feedback system, the vapor temperature decreases with increasing heat 
load or vice versa, thereby permitting absolute control (i.e., ATS• 0, 
ATV• - Rs AQ) of the heat source. The active feedback system is essentially 
the same as the heated reservoir system discussed previously, except that, 
instead of monitoring reservoir temperature and maintafoing it constant, a 
controller senses the heat source temperature and regulates the reservoir 
temperature to derive the desired control. 
In order to minimize the reservoi_r size, the auxiliary heater should 
keep the reservoir near the vapor temperature at the condition of minimum 
heat load and lowest sink temperature. This results in larger power 
requirements for the feedback system than for the heated reservoir type. 
However, the auxiliary power required is relatively small; its magnitude 
being associated primarily with the transient requirements (2). At the 
condition of maximum heat load and highest sink temperature, in order 
to achieve full utilization of the reservoir for gas storage, the 
reservoir temperature should approach the sink temperature. Thus. in 
the feedback system the reservoir temperature will vary between the 
maximum sink temperature and the minimum conditions. The storage 
requirements for a feedback system are defined by the general Eqs. 3-9 
and 3-10. For the optimum steady-state case where Tr.min• Tv,min and 
Tr,max • To,max ' 
(3-20} 
and its gas charge requirement is: 
(3-21) 
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Again the location of the interface is detennfned from Eq.(3-14), i.e. 
L • V [ 'l' - '¥ ] 
..£.J.! • _g_ • 1 __ r_ t', max t' L ' A L 'I' 
C 4nax V C _o 
However, with a feedback system the desired temperature control is specified and therefore. 
the required vapor temperature is known. The location of the interface and the variable 
conductance operation will in this case consist of detennining the reservoir temperature 
that is needed to give the required conductance. The following analysis applies: 
(1) _ Solve the vapor temperature required to satisfy the specified 
conditions from Eq. 3-11 • 
. 
T • T - R Q V S S . 
(2) Solve for the corresponding conductance or interface location using 
Eq. 3-12. 
(3-22) 
(3) Use Eq. 3-14 to determine the reservoir temperature that will give 
the required interlace location. 
3.2.2.2 Non-Wicked Reservoirs 
One· other type of gas-co_ntro11ed heat pipe is a system which uti1izes a non-wicked 
reservoir. As shown in Fig. 3-8, the reservoir is thennally coupled to the evaporator 
or heat source. This is done to prevent liquid from condensing in the reservoir and not 
being able to return because there fs no capillary interconnection. The reservoir is non-
wicked to avoid saturation conditions at temperatures equal to or greater than the heat 
pipe vapor temperature. Saturation conditions would, of course, prevent gas storage in 
the reservoir. Because there is no interconnection between the heat pipe wick and the 
reservoir, any fluid from the heat pipe that is accumulated in the reservoir, due to 
spillage or diffusion, must diffuse back out during start-up. This can result in 
relatively long start-up times (e.g., several hours} for this type of system. 
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Condenser Section Evaporator 
Ftg_ 3-8. VCHP with reservoir thennally coupled to the evaporator 
Under normal operating c.onditions, vaporized working fluid which has diffused from 
the condenser will exist within the reservoir. As Marcus (3) points out, the partial 
pressure of this vapor will not correspond to the reservoir temperature but to the 
temperature at the mouth of the reservoir where the wick ends. Generally, a feeder tube 
which is in equilibrium with the sink condition is employed between the reservoir and the 
condenser section. Consequently. under the assumptions of the flat front model. the 
partial pressure of vapor in the reservoir corresponds to the sink temperature, i.e. 
The stor~e volume requirement for a "hot reservoir" system is therefore, 
• V 
v, fm 
max 
and the gas charge requirement is: 
(mR)g•vr(;or ,) . 
0 max 
'o min 
1l' o] 
min 
(3-23} 
(3-24) 
(3-25) 
where the reservoir temperature is equal to the heat source or heat pipe evaporator 
temperature. Hence. the basic improvement that is realized when compared to a wicked 
"cold" reservoir system is that derived from compression of the·gas within the reservoir. 
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The location of the interface is obtained from: 
T 
( ~ 10 ) max - ff .. r o (3-26) 
3.2.3 Diffusion Effects 
The theory of gas loaded VCHP 1 s presented in the preceeding sections is based on 
a sharp interface (flat front model) between active and inactive portions of the condenser. 
An ideal distribution does not exist in reality. The actual "front" is controlled by 
diffusion within the gas-vapor interface and by axial conduction tn the wall.· A typical 
diffuse front is shown in Fig. 3-9. It is seen that the "average" temperature in the 
inactive part of the condenser is somewhat higher than the sink temperature and that the 
average partial vapor pressure is higher than that corresponding to the sink temperature. 
This causes the temperature set point of the VCHP to be higher than predicted by "flat 
front" theory for the particular gas inventory. 
J ,...:--- Active Condenser 
Average Inactive 
/
Condenser Temperature 
with Diffuse Front 
~-~-----
Average Inactive 
Condenser Temperature 
with Fl at Front 
Inactive ---:--1 
Fig. 3-9. Temperature distribution in the condenser for flat front and 
diffuse front models 
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In non-wicked reservoir heat pipes, this effect can be quite pronounced. The partial 
vapor pressure in a non-wicked reservoir is theoretically equal to the partial pressure in 
the inactive condenser section. If the interface moves close to the end of the condenser 
{Cc-· (Cc)max), the tail of the diffuse front may extend into the reservoir and raise the 
vapor pressure in the reservoir. The deviation from prediction using the flat front model· 
is more pronounced in a non-wicked reservoir heat pipe since the effects of increased 
partial vapor pressure involve the entire reservoir. Marcus (3) conducted experiments to 
test the flat front theory. He instrumented a VCHP with an internal non-wicked reservoir 
to measure. the actual temperature profiles. Using a theoretical approach, similar to the 
one presented in Section 3.2.l, he computed the vapor temperature as a function of active 
condenser length. In order to account for the diffuse temperature distribution he integrated 
the molar gas density along the inactive condenser section using the actually measured 
temperatures. The agreement between theory and experiment is very good, indicating that 
the flat front model does predict the control capability of the pipe accurately provided 
that appropriate average temperature for the inactive portion of the condenser and the 
reservoir are used. 
A complete model of the diffuse interface in a gas-loaded heat pipe must include: 
(1) heat transfer between the condenser and environment; (2) axial conduction in the walls, 
wicks, and fins; (3) binary mass diffusion between the vapor and gas; and (4) radial wick 
resistance. The theory of a diffuse gas front is rather complicated and is not included. 
A detailed model as well as the method of solution and numerical results are given by 
Marcus (3). 
3.2.3.1 Numerical Analysis of Diffuse Vapor Gas Front 
Marcus (3) reports the results of a parametric study which evaluates the effect of 
wall conductivity, working fluid, a"d operating temperature on the vapor-gas interface. 
The results can be sunmarized as follows: 
(1) Axial conduction in the pipe wall plays~a-substantial role in 
defining the vapor-gas interface. Typical temperature profiles along 
the condenser are shown in Fig. 3-10. One clearly sees that wall 
conductance tends to spread the front over the condenser. 
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Fig. 3-10. Effect of axial wall conduction on the condenser temperature profile 
(2) The effect of working fluid on the temperature profiles is 
insignificant (Fig. 3-11). This suggests that heat transport by 
mass diffusion is minimal and that axial conduction dominates. 
(3) The operating temperature does not significantly alter the profile 
of the vapor-gas interface. Typical effects are shown in Fig. 3-12. 
The above results are typical for heat pipes for spacecraft temperature control. 
There is_ no reason to believe that other gas controlled heat pipes would not exhibit the 
same qualitative behavior. 
One important conclusion can be drawn from this study. Since heat transport by 
mass diffusion appears to be insignificant when compared to axial conduction, the tempera-
ture profile in the vicinity of the interface is determined to a first approximation by 
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conduction and by heat transfer to the environment. Thus, a conventional "fin" equation 
(4) will, in most cases, adequately describe the temperature profile along the heat pipe. 
The flat front model predicts the conductance of the heat pipe satisfactorily if 
a realistic temperature profile is used to calculate the effective condenser temperature. 
Treating the inactive portions of the condenser as a fin provides an excellent approxima-
tion of the temperature profile and represents a first order refinement to the flat front 
model. 
The detailed numerkal analysts that' is available with the 11 Gas Pipe" Program (5) 
provides information which cannot be obtained using the simple closed-fonn solution. An 
important example of this is the detennination of the freeze-out rate of the working 
fluid which will occur when conditions exist which wiJl cause the condenser and/or 
reservoir temperature to drop below the fiuid'smelting point. When this occurs a 
finite amount of vapor will continuously diffuse into that region and freeze there. 
3~2~4 Gas Absorption Reservoir 
One of the more recent innovations for improving the design of a gas-controlled heat 
pipe consists of replacing the gas storage volume with a much smaller gas absorption 
reservoir (6). For a number of gas/fluid combinations, it can be shown that it is volumetri-
cally more efficient to store gas as a dissolved solute than dilpe_rsed as a gas in a vapor 
reservoir. The absorption reservoir consists of a wick matrix which supports the liquid 
fn a 1-g environment. Under conditions of vapor-liquid equilibrium, the concentrations of 
non-condensible gas in the two phases are related by: 
(3-27) 
where: 
c91 • Molar gas density in the•liquid phase 
c9v • Molar gas density in the vapor phase 
The factor a is the Ostwald coefficient and is a constant for dilute solutions. Hence, the 
larger the Ostwald coefficient, the greater the amount of gas absorption into the liquid phase 
versus the vapor phase. In addition to requiring values of~ which are greater than one, 
efficient storage volumes are realized when the volume of the liquid in the condenser is 
small. This is generally the case with aerospace heat pipes. If "flat-front" theory is 
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used, it follows that the volume required for a gas absorption reservoir in a general gas 
controlled application (e.g., Eq. 3-9) is given by: 
where: 
with 
"'o ,min 
'I' - 'I' r,max r,min 
(3-28) 
(3-29) 
B • Fraction of condenser filled with wick/fluid composite C 
Sr • ,raction of reservoir filled with wick/fluid composite 
nc • Fraction of wick/fluid composite filled with liquid in the condenser 
nr • Fraction of wick/fluid composite filled with liquid in the reservoir 
The void fractions nc and nr are generally equal to the porosity (E) of the condenser and 
reservoir wick structures. 
A comparison of Eq. 3-28 with Eq. 3-9 shows that the savings to be realized with a 
gas absorption reservoir are: 
k. 8c 
~-- . e 
r r 
( 3-3'.)) 
In general the most efficient gas storage will be obtained with liquid-gas combinations 
which have large values for their Ostwald coefficient. Reservoir size reductions on the 
order of 1/5 to 1/10 can be realized with values of 10 to 20 for a. Unfortunately, such 
combinations are possible but common control gases do not satisfy this criterion. Table 
3-1 lists several room temperature liquid-gas combinations which have high solubility. 
3.2.5 Transients with Gas-Controlled Heat Pipes 
The perfonnance of heat pipes during transients is still only partially understood. 
This is particularly true for variable conductance heat pipes which represent control 
elements within a thermal system. A detailed discussion of transient behavior is beyond 
the scope of this Manual but a summary of the salient points is presented. 
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TABLE 3-1. ROOM TEMPERATURE LIQUID-GAS COMBINATIONS HAVING HIGH SOLUBILITY 
Temperature Ostwald 
' Sol vent Solute (OC) Coefficient 
Hexane n-Propane 25 23.6 
Benzene n-Propane 25 16.0 
Benzene n-Pentane 16 312.0 
Methanol Propane 25 3.4 
Methanol Carbon Dioxide 12 4.1 
Methanol Butane 12 28.0 
Methanol Sulfur Dioxide 25 83.0 
Methanol Carbon Dioxide 59 39.0 
Water Amnonia 25 40.7 
Water Sulfur Dioxide 25 34.0 
Water Methanol 100 254.0 
The transient performance of fixed conductance heat pipes has been dfscussed by 
several investigators in Refs. 7 through 12. Most of this work has been concerned with 
the start-up dynamics of 1iqu1d-meta1 heat pipes whose working fluid is frozen (i.e., 
solid} at room temperature conditions. The presence of a non-condensing gas which reduces 
the transport length tends to alleviate start-up conditions associated with the low 
transport capability of working fluids when they are at low vapor pressures. Reference 
12 treats the start-up of cryogenic heat pipes whose working fluids are supercritical 
at room temperature. In this case,since any non-condensible gas that might be present 
in the pipe is greatly compressed, i_ts effect on start-up will be negligible. 
Transient discussions of the various types of gas-loaded heat pipes can be divided 
into three groups--wicked reservoir, non-wicked reservoir, and feedback controlled pipes. 
3.2.5.1 Wicked Reservoir Heat Pipes 
The partial pressure of the vapor everywhere in a wicked reservoir heat pipe is in 
equilibrium with the local wick temperature. Diffusion effects may be neglected except 
for establishing the vapor-gas interface. The transient behavior of wicked reservoir 
gas-loaded pipes can therefore be adequately described by considering the sensible heat 
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capacities of the various heat pipe elements and the conductance between them. The 
position of the vapor-gas interface is assumed to be in equilibrium at all times with the 
pressure and tempera~ure distributions. Consequently, transient behavior can be predicted 
using ordinary thermal modeling techniques. 
3.2.5.2 Non-Wicked Reservoir Heat Pipes 
In a non-wicked reservoir, the partial vapor pressure in the reservoir is established 
by diffusion. The length of the diffusion path between the nearest point of saturation, 
i.e., the end of the condenser and the reservoir, may be long and diffusion rates often 
dominate the transient response. Although the transient behavior of non-wicked reservoir 
heat pipes is by no means fully developed, successful correlation of the "hot" reservoir 
heat pipe flown in the Ames Heat Pipe E~per1ment (AHPE) has been obtained (13). 
Another phenomenon which is peculiar to non-wicked reservoir heat pipes is the 
mechanism for removal of liquid working fluid from the reservoir. Ordinarily, the non-
wicked reservoir contains only non-condensing gas and some working fluid vapor. Liquid 
may accidentally be spilled into the reservoir, as for example either as a result of handling 
or as a result of vibrations during launch. If the spillage occurs during handling, the 
bul~ _Qf the liquid can usually be removed by proper orientation. If this happens during 
launch and is then i111Tiediately followed by a 0-g environment, no such removal mechanism 
exists. In either case, some liquid will remain in the reservoir. Under these conditions, 
when the heat pipe is started-up, the vapor pressure in the reservoir will correspond to 
the saturation pressure of the liquid at the reservoir rather than the condenser temperature. 
Since the reservoir temperature is always higher than the condenser temperature, some of the 
gas will be forced out of the reservoir and the heat pipe's set point will be changed. In 
the extreme case, corresponding to a reservoir temperature equal to the evaporator tempera-
ture, all of the gas will be forced ·out. Since the reservoir volume nonnally exceeds the 
condenser volume, the latter will be completely blocked and serious overheating of the 
heat source may result. These abnormal conditions will prevail until the liquid is evaporated 
from the reservoir and recaptured by the wick. 
3.2.5.3 Feedback Controlled Gas-Loaded Heat.Pipes 
Feedback systems exhibit a rather complex transient behavior. These systems contain 
all the elements of a typical control loop and are subject to the same performance character-
istics. Unlike other variable conductance heat pipes, feedback systems can possess unstable 
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regimes in which oscillations may occur. Thennal feedback systems are more stable than 
electrical feedback systems; however, their stability should be established for each 
application. 
Closely related to stability is the existence of "overshoot" and "undershoot" of 
the control temperature. A typical response for a feedback controlled gas-loaded heat 
pipe, in which the source temperature is regulated, is shown in Fig. 3-13. Changes in 
the heat load and/or in the sink temperature cause the source temperature to temporarily 
deviate from the set point. As illustrated, the feedback system regains control and the 
set point ts restored. 
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Fig. 3-13. Transient response of heat source with electrical feedback 
controlled heat pipe 
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A lumped parameter model of a heat pipe feedback loop is presented in Reference 2 
which shows that the response of the heat source is controlled by the following two time 
constants: 
where mr and cp,r are the mass and the lumped specific heat of the reservoir, and ms and 
cp,s are the mass and the lumped specific heat of the heat source. Rr is the thermal 
resistance between the reservoir and the sink, and Rs is the thermal resistance between 
the heat source and the heat pipe evaporator.· The response time is minimized if the ratio 
Tr/ts is small. Since the time constant of the heat source is frequently detennined by 
the application, the only available alternative is to make Tr as small as possible. The 
most desirable method of minimizing Tr is to minimize the heat capacity mr of the reservoir. 
By closely coupling (thennally) the reservoir to the sink (small Rr)• a reduction in the 
reservoir time constant can be achiev~d but this 1s generally undesirable since it increases 
the auxiliary power required to maintain the reservoir at the selected temperature during 
steady state operation. 
3.3 OTHER VARIABLE CONDUCTANCE HEAT PIPES 
Most of the aerospace applications to date have utilized gas-loaded heat pipes for 
their thennal control requirements. However, demand for diode and switching operations 
is increasing, particularly for temperature control of low temperature and cryogenic 
detector systems (14). Although gas-loaded heat pipes can be adapted to accorrmodate these 
other thermal control functions, more efficient operation can be obtained passively by 
utilizing some of the other variatile conductance techniques. 
3.3.l Excess Liquid Heat Pipe 
This technique is closely related to non-condensing gas control. Variable conductance 
is achieved by inactivating part of the condenser by using an incompressible liquid. The 
most convenient 
Fig. 3-14. 
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Fig. 3-14. Variable conductanc·e through condenser flooding with 1 iqui d 
Excess working fluid is contained in a reservoir which is located inside the heat 
pipe envelope. The effective volume of the reservoir is varied by means of a bellows 
which contains an auxiliary fluid in equilibrium with its vapor. Expansion of the bellows 
forces liquid working fluid out of the reservoir and into the condenser. This technique 
provides self-control of the source temperature; that is, increasing the heat source and/or 
the sink temperature causes the conductance to increase and this has the effect of 
minimizing the tendency for the source temperature to change. 
The control characteri~tics can be developed using a model similar to the one in 
Section 3.2.1. Assuming that the fraction of the working fluid occupied by the wick and 
the vapor space is approximately constant (or negligible as in the case of the vapor), 
conservation of mass of the excess working fluid requires: 
(3-31) 
where Vr is the sum of the volumes of the reservoir and the capillary tube, Vb is the 
volume of the bellows containing the auxiliary control fluid, and Vex is the volume of 
the excess fluid. Because the excess fluid is in the liquid state, conservation of mass 
corresponds to conservation of volumes. The volume occupied by the bellows (Vb) is 
related to the pressure difference between the working fluid and the auxiliary fluid through: 
A2 
V • V + JL (p - p ) b bo k a V (3-32) 
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where Vbo is the equilibrium volume of the bellows, Ab is the bellows area, and k is the 
bellows spring rate. 
Combining Eqs. 3-31 and 3-32 together with Eq. 3-12 yields the following expression 
for the active condenser length: 
L Vex - Vr + Vbo ....£i.! • 1 - __ ...,.... __ _ 
Lc Av Lc (3-33) 
Because of the incompressibility of the liquid, this system is less sensitive to changes 
in the sink temperature than gas-loaded heat pipes. Good control is achieved if: 
(a) The cross-sectional area of the bellows is large 
(b) The -spring r~te of the bellows is small 
(c) The slope of the vapor pressure curve of the working fluid is 
larger than that of the auxiliary fluid 
In addition to providing an insensitivity to changes in the sink temperature, 
temperature control using excess working fluid generally requires smaller storage 
reservoirs. Also, the interface between vapor and liquid is not subje_ct to the diffusion 
effects. These system advantages must be weighed against some disadvantages. Gravity 
tends to cause the excess fluid to puddle in the condenser rather than form a well-defined 
interface as shown in Fig. 3-14. In addition, the sink temperature must always be above 
the fteezing point of the working fluid because the inactive part of the condenser will 
· be approximately at sink temperature and freezing would form a solid plug preventing any 
further control. Finally, sloshing of the excess fluid can be a problem, and containment 
of the excess fluid as well as the auxiliary fluid must be taken into account. 
3.3.2 Liquid Flow Control 
Liquid flow control represents probably the most viable technique for accomplishing 
diode and/or switching operations. Two basic methods exist: (1) the liquid trap which 
starves the heat pipe of its working fluid; and (2) liquid blockage which impedes the 
vapor flow and therefore the "heat-piping" action. A detailed su11111ary of diode heat pipe 
technology is presented in Ref. 15. Significant aspects of the two techniques of liquid 
flow control are presented in the next sections. 
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3.3.2.1 Liquid Trap 
The liquid trap technique is based on the tendency of liquid to accumulate at the 
coldest portion of the heat pipe, except as displaced oy surface tension and gravity 
forces. The liquid trap is a reservoir provided at the evaporator end and is in good thennal 
contact with the evaporator to hold the liquid during and after reversal of the heat piRe 
operation. As shown in Fig. 3-15, the liquid trap contains a wick structure which does not 
conmunicate with the wick in the heat pipe. 
·::··~=~ ~~~J 
Heat 
Source 
Nonnal Mode 
Heat 
Sink Source 
Reverse Mode 
No Liquid Liquid in Trap 
in Trap Not Wick 
Fig. 3-15. Liquid trap diode operation 
Heat 
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In the normal moae of operation the trap is dry. When the liquid trap end becomes 
the cold end of the heat pipe, condensation begins to occur within the trap, as well as 
in the evaporator end. As liquid accumulates in the trap. the heat pipe wick becomes 
underfil-led causing a fairly_ rapid reduction in transport capability. The reduction in 
transport capability can be quite significant with only a few percent reduction of the 
liquid charge below 100% fill. This holds for both arterial wicks and axial grooves. 
For reduction of the transport capability to the order of less than 1% of the original 
value, however, it may be necessary to dry out the heat pipe wick completely. with all 
the liquid in the trap. Depending on the specific design the above phenomenon could also 
lead to a very rapid partial shutdown of the diode and a slower approach of the complete 
shutdown situation with minimum reverse heat flow. The trap volume should be sufficient 
to acco111T10date the entire fluid inventory of the heat pipe. Therefore, wicks havJng a 
small liquid volume are particularly attractive. The liquid trap technique combined with 
axially grooved wicks is an excellent combination and provides a simple and reliable 
design. 
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3.3.2.2 liquid Blockage 
The liquid blockage technique is dependent upon excess liquid shifting naturally 
from one end to th~ other as hot and cold ends are interchanged. Under reverse-mode 
operation, the excess liquid must have a volume sufficient to block the vapor space of the 
cold end and a large part of the transport section to minimize conduction heat transfer. 
As shown in Fig. 3-16, a reservoir is provided at the normal condenser end to obtain 
excess liquid under normal-mode conditions. The reservoir size must be slightly larger 
than the evaporator and transport section vapor space volumes, to allow for changes in 
11quid•density with temperature. To keep the reservoir size small, the vapor space in 
the evaporator and adiabatic sections has to be kept small. This is automatically 
achieved with various arterial wicks. However, when axial grooves are intended to be 
used, an insert in the evaporator and at least part of the adiabatic section should be 
provided to reduce the vapor space. This, however, could cause a serious reduction in 
the forward-mode transport capability. Without an insert it would in general be impossible 
to hold a liquid plug in the vapor space against gravity during 1-g testing. Therefore, 
axial groove wicks cannot be used for the .liquid blockage technique. The liquid blockage 
technique is most attractive for cryogen,c applications where, under normal-mode operation, 
the evaporator is relatively short compared with the condenser and transport settions. 
This arrangement minimizes the excess liquid required for blockage. 
Heat 
Source in 
Normal Mode · 
Liquid in 
Reservoir 
Reverse Mode 
liquid in Vapor 
Space Not Reservoir 
Fig. 3-16. Liquid blockage diode operation 
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The limitation of the liquid blockage technique is the ground testing requirement. 
In a gravity environment the vapor space in the blocked sections of the shutoff diode 
must hold the 1 iqu_id. This means that the vapor space has to be sma11 enough to insure 
that the respective capillary head, lp, will support the gravity head of the liquid slug 
(Fig. 3-17). The condition for blockage of the vapor space in ground leve1 testing can · 
be derived to be: 
tp • P g D • 2a 
.t tv 
Blocked Unblocked 
..---
P..2. apv -6p 
Fig.· 3-17. Liquid blockage of vapor space (Ref. 16) 
(3-34) 
This requirement results in very narrow vapor spaces and consequently large vapor 
pressure drops during normal heat pipe opera_tio_r,_._ The heat pipe capacity is therefore 
limited ~nd this type of diode is restricted to smaller heat transport applications, and 
the use of working fluids such as arrmonia, which combine good capillary rise characteri-
stics with small vapor losses. 
One method for avoiding this problem that has been developed is referred to as a 
11 blocking-orifice 11 design (16). This consists of inserting an orifice plate around the 
heat pipe wick at the point where blockage ends (e.g .• Fig. 3-18). The opening in the 
orifice place is located at the bottom of the pipe as shown in Fig. 3-18. The orifice 
height may be greater or less than the annular vapor passage height, tv. The use of 
large vapor passage areas more than compensates for the additional vapor pressure loss 
introduced by the orifice. 
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Blocking Orifice - Liquid Blockage 
~Lu 
Blocked~ u11wlocked 
A I Bl~cking 
Fig. 3-18. Liquid blockage with a blocking orifice (Ref. 16) 
If the pipe is tilted with the blocked end high, the equation for hydrostatic equilibrium 
for the design defined in Fig. 3-18 can be writte~ as: 
hlu 2 
P1 g ( ho + Lt ) • n! (3-35) 
from which the maximum orifice height can be detennined as: 
(3-36) 
3.3.3 Vapor Flow Control 
The interruption of the vapor flow between the evaporator and condenser will result 
in a pressure difference in the vapor and, because of saturation conditions, a corresponding 
temperature difference. For a given axial heat flow rate, varying the temperature difference 
is equivalent to varying the heat pipe's conductance. The principle of this technique is 
shown schematically in Figs. 3-19 and 3-20. The vapor flow can be modulated by an external 
signal, e.g .• the current of the electromagnet in Fig. 3-19, or the system can be self-
controlled as shown in Fig. 3-20. (13). 
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Ferromagnetic Plug Electromagnetic 
Fig. 3-19. Vapor f1o~ control using external signal 
Q 
/
Throttling 
Valve 
Q 
Fig. 3-20. Self-controlled vapor-modulated heat pipe 
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Vapor control represents a direct method of varying the axial conductance of the heat 
pipe. It does not, as with other techniques, render part of the condenser or evaporator 
ineffective. The entire evaporator and condenser are isothermal during all modes of 
operation since the pressure and temperature differential occurs across the throttle 
mechanism. 
The obvious advantage is partially offset by the limited control range. The 
pressure difference created by the throttle must never exceed the capillary pressure of 
the wick. If the capillary pressure is exceeded, the vapor will "bubble" through the 
wick and around the throttle and the control capability will be lost. In a vapor flow-
controlled heat pipe, the wick must be capable of providing sufficient capillary 
pressure to overcome the hydrodynamic losses !!!9. the pressure difference created for 
control purposes. From a hydrodynamic point of view, the wick must therefore be 
overdesigned. 
The temperature difference which corresponds to a given pressure difference is 
obtained from the Clausius-Clapeyron equation (17) . 
. T (3-37) 
In order to achieve large temperature differences (large variations of the conductance) 
with small pressure differences, the vapor density of the working fluid should be low. 
Vapor control is most effecti"ve if a fluid is selected which has a low vapor pressure at 
the operating temperature. 
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CHAPTER 4 
HEAT PIPE DESIGN • 
The development of a practical heat pipe design requires the application of the 
theory presented in Chapters 2 and 3 in combination with a variety of considerations 
including physical, thermal and mechanical constraints; application requirements; materials 
properties; fabrication, processing and testing limitations; as well as reliability and 
safety. At the outset the designer is faced with a number of optional solutions including 
non-heat pipe design alternatives. The objective of this chapter is to illustrate practical 
design procedures that are required for the successful development and application of heat 
pipe hardware. 
4.1 DESIGN PROCEDURE 
Fig. 4-1 is a flow chart of the major steps to be followed in the design of a. 
heat pipe. The first step in the design process is to identify the performance requirements. 
Once the specifications for a heat pipe application have been defined, the design selection 
and evaluation process can be initiated. Three basic considerations are applicable to the 
development of any heat pipe design: 
(l) Selection of the working fluid 
(2) Selection of the wick design 
(3) Selection of the container design 
For a given application, several possible combinations of working fluid, wick structure and 
container design can be selected to satisfy the specifications. Other considerations such 
as thermal control teckniques (e.g., active or passive gas controlled variable conductance) 
will also affect the heat pipe 1s design. As in any de~ign optimization, the final design 
represents an iteration among the various design factors, and very often an adjustment of 
the performance requirements or design constraints. A detailed discussion of those factors 
which determine a heat pipe's design is given in Section 4.2. 
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Design Criteria 
Design 
Theory 
Procedure 
Optional 
Solutions 
Evaluation 
Procedure 
Optimum 
Solution 
F_ig. 4-1. Flow chart ~f h:at pip: d:sign procedure 
4.2 PROBLEM DEFINITION AND DESIGN CRITERIA 
The basic performance requirements of the specific application must be established 
before any design effort can be initiated. These parameters include operating temperature 
range. heat load requirements. allowable temperature drops, thennal control requirements, 
and size, weight and geometry limitations. In addition, design and operational constraints 
associated with testing, operational· limits under gravitational or acceleration loads, 
mechanical, thermal interface requirements, storage and operational lifetimes. pressure 
containment specifications, toxicity requirements, and provisions for structural support 
must also be established. Also the type of application, aerospace or corrmercial, a~d 
ultimately cost must be considered. A specification should be prepared to organize and 
delineate the various requirements. This specification should be thorough and complete 
since it will be the document used for the design, development, and test efforts. A 
listing of the requirements which may be included in the heat pipe specification and 
their impact on the heat pipe design is given in Table 4-1. 
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. TABLE 4-1 PROBLEM DEFINITION ANO DESIGN CRITERIA 
Requirement Impact on Heat Pipe Design 
. 
Operating Temperature Range Chofca of working fluid; pressure 
retention 
Thennal Load Heat Pipe diameter, number of heat pipes, 
wick design, and choice of working fluid 
Transport length Wick design 
Temperature Uniformity and Evaporator and condenser wick design, 
Overall li.T conductive path length trade-off, heat 
pipe geometry 
Physical Requirements Sfze, weight structural strength and geometry 
Acceptance & Quality Testing "One-G" environment operation and 
correlation with "Zero-G" operation 
Ground Testing Degrees of freedom in orientation, limits 
on operating during testing 
Dynamic Environment Operation under acceleration loads, 
structural integrity 
Thennal Environment Pressure retention during non-operating 
temperature cycles 
Man Rating Pressure Vessel Code; Fluid Toxicity 
Mechanica 1 In.terfaci ng Mounting provisions, provisions for 
thermal interfacing 
Transient Behavior Choice of working fluid, wick design, 
variable conductance type 
Re 1 iabi li ty Leak tightness requirements, material 
compatibility, processing care and 
control, redundancy 
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4.2.1 Operating And Non-Operating Thennal Environment 
This requirement represents the primary constraint on the selection of the working 
fluid. Freezing point and critical temperature define the operating limits of a fluid. 
However, in practice, the useful temperature range must be well within these limits. 
Clearly defined upper and lower operating temperature bounds are therefore required for 
proper selection of the working fluid. In addition, it is often necessary to define 
maximum and minimum non-operating temperature conditions. Upper temperature limits can 
affect the pressure containment design and may impact working fluid degradation and 
materials compatibility. The minimum non-operating temperature on the other hand can 
affect the heat pipe's start-up behavior especially if operation is to be initiated from a 
frozen or low vapor temperature state.at which point the pipe has negligible heat transport 
capacity. 
Sink temperature variations and temperature control requirements are the most 
significant design constraints associated with thermal control heat pipes. They can affect 
the selection of variable conductance heat pipe design working fluids and reservoir size. 
For diode designs, the variation in sink temperature detenriines the degree of shutdown 
required and the maximum permissible reverse conductance. 
4.2.2 Thermal Load 
The specification of the thermal load consists of defining the distribution of heat 
addition and heat removal. Multiple heat input and heat output sections as well as adiabatic 
sections can exist, but a good definition of their axial and circumferential distributions 
must be available. This is necessary to properly evaluate their effect on the transport 
requirements and the heat pipe temperature drops. The power density and distribution of 
any heat addition will also determine whether a boiling limit could occur in the evaporator 
section{s). Finally, the transient nature of the heat loads should also be defined where 
tight temperature control and variable conductance operation are required. 
4.2.3 Iransport Length 
The transport length 1s an equivalent distance over which the heat must be carried • 
. 
This requirement,in combination with the thermal load distribution,detennines the transport 
requirement (QL)req which directly affects the choice of working fluid and wick design. 
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4.2.4 Temperature Uniformity and Overall Temperature Drop 
The degree of temperature uniformity and the overall heat pipe temperature 
drop will determine the evaporator and condenser designs as well as affecting the choice 
of working fluid ana the wick design. 
4.2.5 Physical Requirements 
Size, weight, and geometry limitations as specified by the application, when 
considered with the performance requirements,must be such that a practical heat pipe 
design can be obtained. 
4.2.6 Acceptance and Qualification Testing 
A detailed discussion of typical heat pipe test requirements is given in Chapter 8. 
In addition to thermal performance test?, leak tests, compatab11ity tests, and pressure 
tests are also often required to verify that the vario~s perfonnance and design require·-
ments have been attained. Thermal performance test requirements must be related to 0-g as 
well as 1-g behavior. When 0-g applications are specified, the test elevation for 1-g 
perfonnance verification should be such that ·1-g effects such as "puddling" are minimized. 
However, since the 1-g test elevation affects the choice of working fluid and the wick 
design, this elevation should not be overly prohibitive. leak and pressure tests are 
generally defined as part of the fabrication process; their specified levels affect 
the container and closure designs. 
4.2.7 Dynamic Environment 
Capillary forces are relatively small, and therefor~ operation of a heat pipe 
against adverse acceleration loads is limited. The frequency and nature of acceleration 
loads must be defined and imposed as operational constraints on the heat pipe if operation 
under these conditions is required. In addition, the heat pipe may be subjected to a 
--
dynamic environment, and the heat pipe must be designed to withstand these dynamic loads 
without damage or degradation in performance. 
4.2.8 Man Rating 
Exposure to personnel during processing, testing; handling, shipping, installation 
and operation requires heat pipes that are safe and free of hazards. Safety standards 
associated with the toxicity·of the working fluid, the fluid's vapor pressure, and 
pressure retention are additional constrainfs which must be placed on the heat pipe design. 
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Industry standards such as the ASME Boiler Code (35) for pressure vessels and safety regula-
tions for the handling of hazardous materials are used in defining hazard-free design 
requirements. 
4.2.9 Thermal/Mechanical Interface 
Thermal/mechanical interfaces aff~ct container design and the thermal performance of 
the heat pipe. To achieve good thermal interfaces, it is first necessary to define the 
mechanical interface requirements. The surface flatness and finish of an interface have a 
strong influence on the system's temperature gradients. Interface filler materials improve 
the performance of mechan·ica l interfaces. However, restrictions are often imposed on their 
use for space applications because of the outgassing associated with many of these materials. 
4.2.10 Transient Behavior 
Start-up is best accomplished by using a working fluid which is initially saturated. 
When this is not possible, as in the case of.many cryogenic or liquid metal heat pipes, the 
wick should be designed to give good transport during the priming operation. When a variable 
conductance heat pipe is required, the transient behavior will depend to a large extent on 
the type of VCHP employed and the choice of the working fluid. 
4.2.11 Reliability 
Four failure mechanisms impose limitations on the life of any heat pipe--these are 
fluid leakage, non-condensible gas generatio~. wick degradation, and fluid property degrada-
tion. The life of the heat pipe is defined as the total time span from the time of final 
pinch-off to the end of use as defined by application requirements. This total time span 
determines the minimum leak-tightness requirement. This parameter is critical since heat 
pipes operate with a very small fluid inventory, and small continuous leaks can cause the 
heat pipe to become inoperable. 
The working fluid must be compatible with the container and wick materials in order 
to avoid generation of non-condensible gases. Again, for extended life requirements, even 
extremely small rates of non-condensible gas generation can be detrimental. This is 
e~pecial1y true for heat pipes which have very small condenser regions. Non-condensible 
gases are swept from the evaporator to the condenser region; and, if excessive gas is 
g~nerated, unacceptable condenser bloc~age can result . 
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Wicks can degrade due to erosion or an accumulation of particulate matter which 
impedes the liquid flow through the wick. Similarly, fluid properties can degrade due to 
chemical reactions. It is important that realistic lifetimes be defined so that they can 
be demonstrated with meaningful accelerated life tests (see Section 8.1 .1.2). 
4.2.12 Temperature Control Sensitivity 
Temperature control requirements often determine the type of variable conductance 
technique that must be employed. Cold-wicked reservoir VCHP'·s can provide adequate 
temperature control for moderate heat load and sink temperature variations. A feedback 
controlled.VCHP is capable of providing absolute temperature control for very severe 
variations of heat load and sink temperatures: For any variable conductance pipe, the 
required degree of temperature control wi11 affect the choice of the working fluid and the 
reservoir size. 
4.3 WORKING FLUID SELECTION 
A variety of physical, chemical, and thennodynamic properties of a particular 
working fluid must be evaluated to detennine whether or not that fluid is suitable for the 
specific heat pipe application. The general considerations which apply to candidate fluids 
are: 
(l) Operating temperature range 
(2) · Liquid transport factor 
(3) Vapor phase properties 
(4) Wicking capability in body-force field 
(5) Thermal conductivity 
(6) Fluid operating pressure 
(7) Fluid compatibility and· stability 
A number of heat pipe fluids and their operating temperature range are summarized in 
Table 4-2. These are categorized into three operating temperature ranges: cryogenic 
(Group 1), intermediate (Group 2), and high temperature (Group 3). Properties whic~ directly 
affect heat pipe design and performance are given in Figs. 4-2 through 4-13. A detailed 
listing of the fluid properties together with a computer program for tabulating fluid 
properties (HPF) is presented in Volume II of this manual. The effects of these various 
parameters on the selection of a working fluid are discussed below. 
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TABLE 4-2. SELECTED PROPERTIES OF HEAT PIPE WORKING FLUIDS 
NORMAL TEMPERATURE MOLECULAR MELTING DOlllNG CRITICAL CRITICAL RANGE OF TA6U• FLUID FORKJLA GROUP WEIGHT POINT POINT TEMPERATURE PREiSURE LATED DATA REFERENCES* 
"K ·F "K •t "K "F 105Niii- Ps ta ["Kl 
' l. HeltU111 He 1 4.0 1.3 -457 .3 4.2 -452.1 5.2 -450.3 2.3 33.4 2.4 - 4.0 1 2. Hydrogen Hz 1 2.0 14.0 -434.4 20.4, -423.1) 33.0 -400.3 12.9 181·.2 14 - 33 1, 2.· 7 3. Neon Ne 1 20.2 24.5 -415.6 27.1 -410.9 44.4 -379.8 26.5 384.5 27 - 44 1, 3, 7 4. Oxygen 02 1 32.0 54.3 -361.8 90.2 -297.3 154.8 
-181.l 50.9 738.6 55 - 154 1,2,3,7 5. Nitrogen Nz 1 28.0 63.1 -346.0 77.3 -320.4 126.2 
-232.4 34.0 493.3 65 - 125 l, 2, 3, 5 6. Argon A 1 39;9 83.8 -308.8 87.3 
-302.5 150.9 -188.1 50.0 n5.s 85 - 150 l ,' 3, 4 7. Propane C~lfa ·l 44.1 85,5 -305.8 231.1 4].7 370.0 206.3 42.6 618.1 190 - 367 1, 6, 9 8. Freon -14 C 4 l 88.0 89.4 -298.7 145.5 -197.8 227.7 
-49.8 37.4 542.7 130 - 222 14 9. Ethane C2H6 1 30. l 89.9 -297 .8 184.5 
-127.6 305.5 90.2 49. l 712.4 100 - 305 1, ], 6, 9 l'O. Methane CHf 1 16.0 90.7 -296.4 111.4' :.259.2 190.5 -116.8 46.4 673.3 91 - 190 1,3,5,6 11. Freon -13 CC F3 1 104.5 93.2 -291.9 191.7 -114.6 302.3 84.5 39.0 565.9 163 - 29] 1, 3 12. Butane C4HfO 1 58.1 134.8 -217.0 272.7 31.2 425.0 305.3 38.0 550.7 260 - 350 1,3,5,6,9 13. Freon -21 CHC t l 102.9 138.2 -210.9 282.1 48.l 451.4 352.S 51.8 751.8 213 - 451) 1, 3.. 5 14. Freon •11 cc1, l, 2 137.4 162.2 -167.8 296.9 74.7 471.2 388.5. 44.1 639.9 29] - 413 1. 3, 5 15. Methanol Ct13 2 32.0 175.2 -144.3 337.9 148.5 • 513.2 464. l 79.5 1153.0 273 - 51)] l 16. Toluene C7H8 2 92.1 178.l -139.l . 383.7 231.0 593.9 609.3 41.6 603.6 275 - 473 1. 5, 6 17. Acetone (CH3)zCO 2 59.1 180.0 -135.7 329.4 133.2 508.2 455.1 47.6 690.0 250 - 475 5, 6 18. N-Heptane C7H16 2 100:2 182.6 -131.0 371.6 209.2 51i0.2 512.7 27.4 397.6 273 - 473 1 1, 5, 6 19. Ammonia NH3 1, 2 17.0 195.5 -101 .8 239.8 -28.0 405.6 270.4 112.9 1638.0 200 - 405 1,2,3,5 20. H-Xylene CaH10 2 106.2 225.3 -54.1 412.3 282.5 619.2 654.9 36.5 529.6 .. 275 - 473 1, 6 21. Mercury Ilg 2, 3 200.6 234.3 -37.9 630.l 674.5 1763 2714 1:510 21910 280 - 1070 1, 7, 8 22. Oowthenn E 2 147.0 453.4 356.4 690.2 785.0 . 40. 3 584.7 283 - 610 13 23. Water Hz0 2 18.0 273.2 12·.o 373.2 212.0 647.3 705.4· 221.2 3210 273 - 643 l 24. Benzene C5"5 2 78.l 278.7 42.0 353.3 176.2 562.6 553.0 49.2 713.9 280 - 561) 1, 5 25. Oowtherm A 2 166.0 285.2 53.6 531. l 496.4 801.2 982.4 40.2 583.l 37) - 670 l 26. CteSilJIII Cs 3 132. g. 301.6 83.2 943.0 1237 .8 2050 3230 117.0 1698.9 400 - 1500 1, 7 27. Potass 111111 K l 39.1 336.4 145.8 1032.2 1398. 3 2250 3590 160.0 2322 400 - 1800 1, 7 28. Sodium Na 3 23.0 371.0 208.l 1152. 2 1614.3 2500 4040 370.0 5369 400 - 1500 1, 7 29. Lithium u 3 6.9 453.7 357.0 1615.0 2447.0 3800 6380 970.0 14074 500 - 2100 1, 7 30. Silver Ag 3 107. 9 1234 1761 2450.0 3950.3 7500 13040 336.0 4875 1600 - 2400 7, 8, 12 
*References for fluid properties are 1 isted i'n Chapter 1 of Volume II 
\ 
) 
-N 
I § 
•----
5 ___ _ 
'----
, ___ _ 
•---
.._ __ 
3 -
z.. __ 
I. 
I. 
'-
,_ 
I. 
I • • ~ • '-· • --------r--- ta ::..... --• --· •· 
.,.. 
C 
0 
L.;--_ ++-..:"" ... -'+--+t:-...;""_•,.-_J..f---;-.-_+f--..J'-_-+.,.-_+-f---'-+--+f--... r.._.,..... __ +,_-_. ... _""•-•_,_•_-.,.--l"':-.+l..--1--...... _-'_-+---..... -+-~:±:tj:tj:±:t:j:t:t:j:t: iii 
r • -+-H, ~-~ - ~ ~ 
>--H-, 
--
E = :,~ 
.... -
";= :z: . 
.;...:;; .... __ ,,__ ·• ·-
= 
--~~ - :,::-~ 
=.=.--. 
---' 
:~ 
··- .... +-·.:. 
1·: 
---
-, 
L.+----.+ .... --..-___ .f 
H-+-+-+-1~+--f-+-+-+-'-+-+-+-!---+--+-+--1-+~-i,-,,...!.,+-~ I-.L-l-l.-l-,...J-4++--i!-...--1_'"' .I+ _-'J..>-.1-l-_-i..'" ..1"'_-.1.l-_-t_J~J.J. _,.,_-.:..,.._"':_'--4+ -~i.1--..l--1---_I-~-!--~'--1-,..-...,.;--I 
1o•~i1~:t!j~.t:::::.t::;::::;::~.t.t:~:::.t.:!":;:.:-::.:•_--_~ .• µ. __ 4_i __ 4..,i_·--1 __ ,t~~=t=~~~t-~ .................... ----T-•--+--·--·-·-_-_~_-.· ..... 
I 
0 50 100 150- 200 250 300 350 
TEMPERATURE (°K) 
Ftg. 4-2. Liquid transport factor: Group l 
96 
..., 
...... 
C.Q 
~ 
I 
w 
r 
..... 
.0 
C 
..... 
CL ;;t 
'° .... 
rt ;s 
"1 QI ,.., 
::, ~ C/1 
'Cl ~ 0 , ;o 
rt ITI 
~ ....... 0 
n ~ 
rt 
0 , 
.. 
u) 
, 
0 
C 
-
-0 
i N 
.. i 
I' 111 
. I'. 
LIQUID TRANSPORT FACTOR. N1 (WH-2) 
..... 
-C?. 
... 
0 
... 
U11 Cft ...., 01 ~~ ... w ... ... 0\ --... (D ...,q. 
.... ... ... ... 0\ 
N 
• 
.., 
... 
. • 
• 
• . 
- . o I . . I I • 
. 
.... OIi '° ·= • • 
I • I .... 
• • • ~ 
o :··1·•-r·· r·,•·•••t·lt';i,·:·•···•··1·1~·•1•·11;·:1·•1 'f:'' ii•· 1:·1 :, ·11•1tt1.:;1.!'f1·ir1:o···•o,•·· 1::1 ~· . :· :.· ·•·;·• .. •·• ... :" •· .. 
~-•---,-•r·•·-1 t .... t•tt:•·••lt,I. II 11· ··•••·4• ··- ... · .• ·t• .,l, ... ·• I •I~! .. ,.111:·t····•'.•••··' 1' ' 4, ··~' .. 1 .. ,., •4••··•·••,:tt,u·•···• 
•-1··rr ,···rarlj l,u:•,l,,ijl.,) .. ,•.l:.Jll11:!';::·;;j. !··11 ;)1; 11 ;1,·. ;.:1 1 1!f;,1,,li':t111·1,:;:, .. r 1,!I i, ,:, 11!;.,·,···i··1_•::•;1,::i· .... ,. 
·•·-H-r T· t- • tf!' i1t11J1!•.,,l,!-1 •m,,11., .. ,,,.-1 ~· •·11 1 I· ·•·••••TT: .. •· •• 1•1···•···" l·1·· · •• .... ,.l, .. , .. ,1,•·····'.1!:••· .... , ..... 1 
• • • •mf4. .,;, i+:1 • •• '•11 •;t; ,~; ; • 1 ~!T:r •+n• i,, . : •: 1 . ;f•~~ ~ ,... ·r++>-- ~· ·..!ft f!t"T + .:. •.Ji l~. ~ l;-, ~1J !...,--· - r-· . t .. , I ···• 1 ·• 11·· ; •. ·1 ·1·· 11 • - • I•·•·. I ·r .,,, ........... ,r 1 .. , ., ••.• , ... I.. I .... , 1·· .,,.··•· .... ,I. •11 ,, •.•..• 
, I • • , ·I ' , 1 • t • • • • ' I , .t •• , · • •· , t . . '·' , , 1 1
·+·· ·t lrJll·'il!!. :•11•1• 
1
,111i.l,1,,11·+ Lt+1 ,.f1!.I •1,!1·•··";•···•"i11it•l•t:r:,•······•·l·I ,•! :,:~ •;•:r•":: 1·:-!,•11,········ i·f+· i- 1·d t, ii·.'!• ·•!l•i: 1!1:::! 1!1:-l:-··1·1··:1 ! 1r 1·t •111111• 1 ·:•· .. :··•''."'l'"t11·:··•,·•·· I'-, ,11· ·!·• l1,··,·•·:•·:··1··1l1··:· 1·'· 
... . I- I,.. . 11 ··f• , .. , ..... ,. Iii 111·. ,,.,1.., .. ·-1·· •• . I ,,, , ••••• ··•· 1·1·1:··. '., ...... ,..... • 1-1 ' • I .,. •·:· ........... I ., .... •. 1 , , 1 ,,ri 11 , , .•. ill • ·• • •1 • . , , •• :••· • •• , ., • , • 1 • ,1 , , , , • 
, , I 1 ..,I I I , I • , • 11 I I • • I • , ! ! 4 , I l , I ~ -----· 
• -l~ ·11 • Ip •,,., .. ,., •• 11 I .I,",. .. , 'I I.. I •. 1111· 1 ........ •I! ·1•· .. ,. . I•· .... 11·· .... ·•· ... 11· :· . 
~--~r· '·1·L1,1 ... , ., .... ;.:.:.1: .. ,, ... 1 •.. , ...... .1 ! 1· 1··1 I.. Jl11 ·[' ;.,. :.l r., .. ::. ilJi i11I : .• ; .... :. • 1-1 I,,. 1;! 1·1· .1.. i:.: .. ;. t!· ,. •· .. 
• ! • I • ! 11" . . . • .. -I • . I 1 · I •• , ,. . • • • • " • ' ' . I . . . 
-rL-- Mf '"'"ir··· •!f"•·•i• •l,. 1,,1•-• 11····• .. t• 1··r I·· 1 ··········-···••t•tt••··--" .. ,,1 ··1• ·1·'•·•11•••1ut•l·1 ••• 
1-:··1-· ·1t .. ·1•'·"'':•1••ut!!'•:·!i::!::1. ··: :· ceone· ······ 1 ·ftt':••·"· •-ia1·"t ,·•··:•·••··:t·i ·1 · 
N 
8 
I •• I .. ,. I. . • . ,., • • ' . . A t ' 'I . ' . I . t' . 
. . I• ,.., .. -••r:r •••• --. _ -~1\-s J;: • --rf- - ... , ··· t,Jl•INn -••• - -!- ""'. •~ •••· -••• -·· -••l··-1 
. ~. l +· - I ···H -1tl r. .,•: .. , .. '111 ti t4-Heptane - . Toluene i.1 .: . , ........ ;., .... , .... . .. .I . .. . . . :: ., .........•... 
• -~-• • -•• f1t1.:.; ... ,. ..... : ::.t .. 1 · .... T: ~, ...... •1i · · ,, ... ,.~,-,,:.,.j.... · : ;, ··•• 1:,. •. 1.. ;•• ,• !,: · 
-l-:-,· d ·f1· 1 ;.1.1I rJ!' :!•Id;, ...... jd' ;lp·i'•P"t·;~ 7 ! •! 11 ~ .,, ········ 1 ::· ,1-,.: ...... ~~. : .... , •............ ·1· ... w , ~·f- rt- :td • .! ::·' ·!· ··• 1:1• .r: 11 · ·;! · • ~• · ·:·· · ··· ·· •··· ···· ·· ·· V · , ·'··· · · · 0 - . .... . --- [;." -· . 0 . : ! ' HI ,i,!I , ...... 11; ..... :. !::. :·· .:.; .. . I "' • • ~ , .. •;, .. :·· • t.,,, 1 · . . . .. 
··•·r·•· l·,·r·· ~,1 ::,. 't··1•j'I"• .. : :1· ........ ~· ... , ···i...-- ... ; .. ~. ., .. ·••· .. . 
••
1 
• 1- .f, ' 1·r• ··,· .... ·• · ••· ,i.1 H-Xvlen .. .. .... · · · •·· l.--' · · · · · · · .i ... "-- •· • ·· · ·· • 
" f i ;_.,I J ,.,. ·••: ~,·q ~;1·.~ ;;· •!·. .# , 1 . . .•.•. , ~ .... ... , . , 1 . I I."' _, ..• , 0 
__ .1.. h++~ · ·: · · ·-·:•·· .... .;i, H-~ ;.;, .. ..:.1-.:.i ·:'--· ---1··~\· I?·· ·· . ..: ·- i;;;.-"' \-'- -f--· '-·-- ---- ·--f·- ·-·~ ·· ·- :. .. j·· .,.J_. 
· ··• lilrl··:· 1••• -L ••• · 1 , ••.. i,- · ✓ : , , •··-- ,. ,: ..... · ·· •· ·· ... · I'-••' 
· ·: ·:· 1• 1·i t·•i :,1· ::· Freon -11 ·' '.-/. .. : , ~----':··· · ·1·· ·1.1· ............. · · · · · ·!:•'· : · .. x ... q •
, •.. , ...i; ··,·:~•:••. . V.·:·• .. I. - ....... ........ ,Meth 1 ···i ::: ·i··1··•···· J1,··. t!; . ; •II, .11. :~::::::•~'-I 1• y. ·- __ -i ~ ·~..:
1
; .. ··' ···I··~ ano ·-· . . . .. ,·. __ :. __ 
0 I. I:•••.•;;·.·;•·• .. ;..,--- •·. • ii•: 1 /~. . . •1•, ,!I. ···1·)• •• .... . • • • ; ;•:• ! .. ., . ' • 
c.n 
8 
°' o-0 
•- ~ .... - , .• ti•,,, ... Jl'I'· •• 1.' ··• 1• I• • • ',. , ••••• , •• ·•·· 1••• •11••1••·i· ., I •. ' • ,. ··•1•·1•. •p•• •• ... ' i-t! t. :L f J;~I !11! '.lili:I! ·•·: J rll• l•I• !i; ·} · · ~ ! 1 :i ·II' .. ;, ·•i· ····•/ i;j· :•·1 ........ ·•· I • It 1•, ! : ·, 1jd•:: :I.,.-· · • . .. -1LIJater .. ·• '-·f+ ·• H-• ·1,,11•1·· ., .. , 1111 I, • .. i,.;.-1-!". I' . , •• , i1 .... ,._,·1·••,i:r-1·t•· ........ , i;' ·'l ,1Lq·•·· ••I• .1x·· . 
: I 1 , i ! , tt ~ ~- •~••~1• t-:~ . .:..-~ "'i ~- -r -• ~t-r- ...-,t .. :.~ -.-.~• . ~ ~ •- 1 ; i · 4 ... h°~i. •1.;._.,. .;_, ·•- ••-. :~ -, .. - ........ ••• 
.•... I -J I 1""1' • L•i •••• I c-~111'· 1•1•11••·~ 'I· , .. l,~ki"• t•· ... 111 ···,·11••1••·.. '1·' ·j· ... 1 l'J. ·1•1"•'·1·· )· .. ···• 
~.:-+ · .. . · · ... •l•·lil!i 1i • j. j,. ·ii• · : .,..-..-:-., ,:1 ::;. , ....... iill i' I• ; :: · ,·;, · t · · i • ' . ; ; • 1 ·1· · · 1·'" 1 " •• • .,. 
·r tr· ·C,H "'I '1·: ·•:1 ·,: .:1iili 11~' ·I'! ·k·,1· ,, . :.J..J.. ;·:1· .,·1·11i1' "1 ·-··~· rlil tu .. ,,;!i:f. I ,t I l,i ,1,1 !jl. t'1•i :,.,1 ·1/ 11'•· ·! ..... ,,. 
, , 1 • 1-H !d, r!:t· ··I 11" 111 I' 1•1 , • :J: · •.1 • · • ,tll •11 •;•• ·11 ri 1flf 1i!, "l' 1!r · r · • · I I 1, . !1 .. ,.~ 1• 1 t· ··· ··1 1 · 
l=t=; I ,f~w.;.. ~• • . •;1••-,•;--e--• ·r • I . '" ' l!il 1• •• I 'l • -: 1- . . ~ ·I t- ..... j I ·t· ti!"" •··•1'1• ,.  ".1." I I • I I 111 •. 'I .......... I 11I . ,.., ... 1 .. , • I I ••• , .i .. 1. y ·· · ,1 . :·• ..... , t 1-I·· I 11· ~ 1,ll n• 1 .: i..,;.~ • : ·11i ·l•i ·I•: ij1-~·' ~ f +1. 'I' • 11·1:• •ij: 1'h, ·:1· I . lt11 :1u i,:::i- 1-, I 1 , • .1 'ilJli , / . 1 ·I.•!" ,·1! ·1• .. ·1· •· I: -·•· 1·· . ·~.;,;.....- ... 1, 1.1 .. 1 •• 1 ••• 1.,. 1111. 1•,·r···· ,,., •·••1·•·· •11 ,1. 'II ll~v1.1 .. 1 .. ,., ....... i 
·: '• · ....... ::::,;: O th EJ ' I ·. •l.':•·••·1·:;:ijl"' !,;· .. 1: : 1, :1:• ;: ·r· •'' .. i;. ·:,:·:.•· ,! ... ; ... . 
-,--r-,-- 1- , Benzene ,- . !l ow erm - - r-... -t a- 1-1-+r t! • . -·· •11· -~- .... -. -· - ........ r" •1· .... tt·· ···· ···· ... . 
, tr· . ~~1 .
1
, 1
11 
.. ,1· :1'1111: 
1
.
1
1
11
. ;
11
! 1,1.,... , 1 ti ,H . n
1 
~t it:•·:r 
1
, 11"1 !~ i•i•1i 1. 1 ,, 1 •..;.....-< 111· ·I··.,; .. , .. : .. 1
1! ••.... 
. 1-. - . f i I I !1•.d ~1·1· I ! . 11'1.:.i;..i, ·,· 0 th A I I ! 1· •1::·•.: ·, 1r,. ·I•., ... :• I I.:..-,. ·!:1 '" :,·. :·•·. ·••:r It·., .. ·:· ' 
- -· t-- ~ • l 1 1 • J 1· , 1 • • · • ',,llf. - 1 °"' er111 . • . , .. ,... , n• , fl .i1... 1 . . 1 , • .. , 4 4, i •• ,d • ,. .... , ••• 1 .. 1 ... J --· I. 11m~11:J:t'.Jj;~i.,;.t'-:,1 ~• I j 1· ~nrmt··,, .i I. 'I, ;l!i 1f!: li!m!d·· ·:.:~~ t:!t '!Ii Iii, LJ•1:!i: 11 ,!. " 11 ~ . 
. I "IT™1·1····· 1 •'" 'ffiP 1 ~1· ,,,,. I Tit1i71. -- .· · 11 l 11 1''1'11 1·,,.1·'••]; •- - - Ii ~ , •• :~,1lj•. I I• F •·. 1- & ; \ 1i;1,.1.l..,i,,,l,o~~, •• , ·r•r·• .. ·• , •. I ·  .. j'11,1.w 1••·1··,1 .. , "ff. -. - i j 1111 ii. ,pi 111, ·11111H1. !!,·;~ :;:i .• I ' • . . , . : . ' ; ";•.,,. lj 1 •lir ,11: i!1: ii'• I • 11 11 ! ; I ;11· i Ill' i':: !! •ii· ,. 1•·, .:_. ., .. 
I-··· 111: ·!· .. :,.!I 1i ,, ··•·V ., . I ··1L·'l '!il·•1:1•·•i!· IT!l'''1··:.•tl It. I : .. ! ' ·1:!;•'l'I~· . 1, .•• 1:1. 
. I I . ,, .. ,,. . . . " ... ' t .f I . ~ I 'I ·I .... , .,,. I t ,, ' •• , .. r , . • I I i ' •• ""', •· .... , ... .. 
- . ,.. .,. .,. ' "'.',: ,1. ·.:. - ' ,- u J.r . ., ' .:+ ·~1• ·1j· ·-· -- j I ,jl, . j ·'•1 ll!. ---- _..,_ ..;. • 1 It ' It•• .. , ••. µ, . r . .I ... ,.I ... . n I·. , 11
1 1
t 11 ii!! .,1a.•: .:,. / 1, •• ~,·I;! . .:,,,,: ; , . .J 1. 1i,, . " .. 1, .... ;.: .. ;. r11, 11,; .~; ;:i· .,.. 1 : H- 111 ..• , '!t• ... : .. ; .... , .!, 1,. : ........ . r·r· 1 I I ·t I I tl·• 'I II •i .... 1.I. , .. 11,, ,,. 1·· I;• 1· 111 ,·.1.. .., 'll ·•11 ., ......... , !' t •fl'.,,,,. .• :• I I I • '. "'I 1,1· .,., , .... ,,,,.. 1• ..... ". ·-t- ~ ti!, •1i,i,.-1, ... :,,1., 1,• t1••••1·•1•:- ,·,111to1 .,..; ... , .... Jl1;.,,.,,, 1,j, .. ••• i•II ;; 11.; .......... ,1. ,, ...... :, .. . 
....,+~•t •.If ·!.is;;;;! .. ,.'.,· 11:t:.,:;1:,,:·:··!;, it! .•. :;.f.;.: ... 1: .. , .. 1n,;!::•:•·••·: , .. ,I .... ;:j,I :···:.:.·., ... : : .. . 
0 1 1 •• ~ .... r•tr--~~•r--- 1t •rr ~ - 1 7- ._.,,.. --t-• 'fl ~ · • • +-,,-f-r-l'r""" ~,--1'-j" .. 7t----l---- ·--l-
o ... I 1, !! f IIJ 'I''"·•·· .... , ... "I' ... It :·i:·'1: It'. • 1 ·· •":"I'·•·· .... ·•···:• ''JI"''··•·.,, ... ' ....... "•' ,:•• ... '." I' 1 .• -r· ., . 
. t, {'II .. ·11·:, .. 1, ·····•··t''l•'1·•li•"·•·:. ,,-:, l·I· ...... ,.,.: .. ........ ,j, .. , •. :.: .... :,11 ..... , ... :.: ... ,, ......... , •.. , .. , ... ' i I' I ' . .. I If • •. t I 11 . . . . • ' ' . I • I,·, ' 11 •. · .. ,11:•·· ,. 11" I• . ·11•·i•: ••. . j I 1 jl I I ·;1 1 1!11 ., "" l'. ill' -r: .. , ... :·:1" I. I. : .•• ·" 1 •••. 11 "" .. ,,, ... , .. : ... 
1 t • •II If '!ti ::•1·1. ' 1 :jl. 11! 11!!· !"' ·11· 'I' I rf•; 11 11 · ! "l · ...... 1'1 .. , .. ,, .. ,. ·: • · · ... I• I·•· ";•· · 1•••l 
T-W..·~ rt+ IT~ 'it, --t'I ........ 1• 1 ., 1t11 .,., .~. ·- --r-r-·-t- -•rtr ,-,,t ·1 · ... , ··- ,- TT'~· n·· , ...... •·· .. r-~ ·--. . • --11 -- ........... ·r . •• ···- - --
~- J .... t '1·1 ¼ t • ~•111 I ', 11: ' ; lt11 ·~l: 1l ' 1J:: . • • t t' ! I I' i ' •j,· .: . ht•.,!. I t :1: .• ;, :,. 1 .• J I : i I • ,ti. I' ,I.. ,, 1'. ·'· . I ,l . ,.,j d 
j 1·1 t ·1 !·l 11 :11,. ·,1·•111.; ·:·1,+111· 1111i1l•1··1;,;;.4~}1· r 1··· i1,1 · l 1·,1·· ";•·:1·111' .11·1·1,,.: .... , : 1, ). , .. ,:ii,·. 1··1··:· ; ..... , ... : ..... . 1-·1 .. f pl ,11··11·'•1 'I ·1·1•11, ..... I' I! ,I 11··•···1" 1•1 •11•·,1·' 'lr 11. idjl ·ii"···, .. ,,., .... ,. 
co It·., . I "I ,1 1. i :1,!111 11 11 1!11 1.i: .. -} i : ·•.· .:i: , .... 1 ttl. •,!"·•···, ! '' ' I ., .. I,.,:., "I• . ''• 11 ...... • g 
.... ·, 
\...., 
"'"' ,,~ 
, 
"! ! :·:: 
... 
-N 
i 
-
2. - . 
3 •. 
2 --
I 3 • 
1.:;:' 
:·1.~~ 
.,... 
-g -. .• . . . . . ......... ---....- -(on ~-~-- ---i....!,-~~~ -
---- .-,..- -- . i -+--~ ~~---:!-.t_ "T-"r :i_~~~.----..... ~-~--'."1-':'!""'i-.;..~·-·~•..:,·:~~-=-~~ · •-----f~.=:: . · ~ ~t-· ~.~-~ : :.-.:-=r ~ T 
·-  : . •• ·I'_ ... J. ' . -~· • -----~ . ----~.........-...-
400 600 800 1800 
Fig. 4-4. Liquid transport factor: Group 3 
98. 
--~ 
,, 
..... 
co 
""' I 
U'I 
:E: 
_._ 
n 
'° 
~ 
_.. 
-t 
IO ::, 5! Ul 
-0 
:r fT'I 
(D s .... IO 
::r C 
.... ::0 m 
.... 
I» ....... 
n 0 
.... ;,,; 
0 , 
Cil , 
0 
... C 
-0 
... 
..... 
,11 
WICKING HEIGHT FACTOR, H (H2) 
.... 
0 
.... 
0 
• ... ~ ~ ~ :-' • :- • I 
o , -l--1-·~ .:.++-,. +,.i.j ~-1-i-l ~,;1 ';.., ,.,, .-l-++-H+t-'-~ .......... , ........ --,--4--14- +- t+ ;-h,· 
~ 1 ·1ii!.i ;1::. · !.-111;:1;::11:: 1i1111,i:11,m.:ti1-:.1 .• :l'r.+~,J ~ii ' 4 ;:;i11ti .. ··· 1 1 .;b:J 1:1,:1u:q!;llliLlillU:i:q;1:11-tti.:.!11;1111 
..... 
0 
0 
..... 
U'I 
0 
N 
0 
0 
N 
U'I 
0 
~ J .••• ,.. .• i''. I •• ,. I'' .. ; ... --, 
0 I ' ii I' ii~ .. I I •. I I ,I,. I. I.,. I.. al I J. I. I... r-H 
w c.n I ! I i ' I I I I • I I • ' ' •• l I I I .. I • , . • I . l • • '.II I. O I I c::t!:::7·· .,. , .,.,, ., ... ,,.:, vr' I ·····I · <J , - . . I I .. , .. I· .. , .. I··+· I· I I I I I I I 1 
\__,-' 
.,. 
' 
.,, 
.... 
co 
. 
""" I 0\ 
£ 
.... 
n 
~ 
.... 
::I 
co 
0 ::r 
0 f1) 
.... 
co 
::r 
..... 
"'1' 
°' n 
rt-
0 
., 
G') 
a 
C 
-c 
N 
WICKING HEIGHT FACTOR. H (J42) 
.... .... 
~ 
0 
.!, N u, "' --.,, 
0 w CD <O 0 
0 , . . . . , 
0 
• •ri-•i·1•it!·!: .. 1 • .,1 , 1.,l:1·•,:11,]11,,1
1
, ... ,.!:i1•·····•,•::·•. ! IJt-1 t:; •!iii if, :i iJ •:• , .... , · ,·.,,,,.. 
N w • UI a, -..i oo '° I .f. 1J. 
N 
0 
0 
c.., 
0 
0 
-t ~ 
rrl O 3:• 
-0 
rrl 
s 
C: 
;:o 
rrl 
c.n 
-o 
0 0 ;,,;: 
-
. • r ...... ,,, I ---• t i I ,, ~·II 11, !u, ;, I,•"' • ,I, . ~ ...... t . 1, . ' ,. 11i q I. ' I 
··.t1' ! ,., ,liri1Hl1_..1,r 1-~1 ;tlrfj,11,· lliu·,.li1·1:i1•:·::1!1,:.!:•;i: .. t .. --1,-1111, . ,•J-f 11, 1i: .. 1,1 ,; 1· ,,'.I 
, , 
1
• 1 !:i tlli ··• ~ ~ .~, r •.• ~, i!·li:·•:t:••:· '·•t" l, 11- -i j , 1 -r · r1 · · ·I ,,i[,,!.. ·· · 1 
. . ' '. • ' ' 1-J'---L .;.j. ' ' ti~~•:;i1~-'lj' •.•. I I I !?I I l I 4 •;tr rt·-...... ·----·---1··• -.· .... 
._IJ: 'th·•·;!L·L rf• t I 'I l' jrlf•!'l''1,,1l,:i;••tt1"• ., 1 1T ·r! -1.,111! ! ' 'l ,. '!l •1·;l11 'I I .. lrl. 
' t , Hr.. r·· I I , , 1,•, .,,,111··•·'·••"''·· ....... rt- L .1 •· t .. , ,. , ...... I .. L ~ i h ~, ·i- I -t I I ft ·j,:ilii 1•,·:r~·•j;:+-.... ... ,_ t - •r :: ,.,;;, .. ! ' ' :· 
. it I T ,Wi,,l --f::I- r-L :i ~ II I :i ill 1:1:,.,,:;,.!11,!:· •ilh~· .... l ~r 8. HI~~ I tL [ 1 I,.! :1 I rj, ;J, ,,I l....~ ...... ,w-i..:i 
; __ 1~J 1 rf'"4l1 ++1· t~hi- • u1111,111lt1'1l::;ll 1•ili•:i"1•'11!,,, ... !" frt+~, l·d jji•·tlf'i- ·i ,,~ i1!·111t1II :!/Anmo~~.a . t ~ t ·"t-t T f 4 t • ' IU• i.1! .JI, ••11 •· •1 "' • "" ·- • 1 1->·H t-,-r · ... ·1 - r ~ rt · I I -1 • -~· 1 • ! Irr~ t' ., +1tr• ·-r-rt . r lr .• t· r I I !I L. •11; '11·: 1l!·.111·~ ·:·•,ii' .. ~ ...!....f-;t-i-:. r·~ I ·+r -r-H.;. .~. ·r I, ''!; ~ . I ,, 
.. ,~,l T'+~•h1t --r, ·· "·•1' •1•11'"'" 1 ·•1-1,,.,,,,. ·•· l····r-t""'I.I-• •• It, 1 •·-•·····I•"[/:'./ ··· JL' 
I ! : • I I 7'+0i r;-!.!~~ ;.i;r-f~-~~' • ,~ 1 1 1 •' 
1 
t .....:~- It •• 1 •• t"-•-- .- -•• -
·I~~ I r 1-r'-'-I•. - • ... ,. ·•· •r I. I-• Ii 'I 'h·•' ·,, .. , ... ,, ;· 1• i It I 'I -· .••. , I .. . . • 
·1 r :j l [1 1--,• -~it T"l t1· --l·tr f-~1 ~,Jj, :r I -~ ,,.I ;;I• !,l!~iHi!li-.. -ii!!I , .• N-Heptane 1·i ·wt . I r-r J TT··. /~; . ? 't[)i~ ":I .. , I •I I• I• 
, ·t· · 1[,. ---,;•tl ~•~f t-1 • I.,.,. 111· jtll•:·'!j"!:r..•:•·~•. ·1;·1'• .. , ·11!~•-r,- ~' Ti I t .j.:' r./'/,''""' ·1 "P.. 1 / - ;t· • ,.!c.-i-----r1-•1f T-•-t t ,. fr• •·•·r I ,. 1,11, •. , •. ·It jtjl, .• ,.~ .••• ·H+t - ... ,, . :/2 v""i· ... ,, . I 
• , • ' • • • , , ' ' I, , : • • ' : •' 1 f r· ..;. To 1 uene ' ' . ·..4 , : ' , 
- - • _, ~--•!I I l •· •• .. ~ . r • • l I I 'IJ .. , ... ,,,I •I· •• , ... , .. " ' - , - i " ' • • 't , I •". • ' • 
... '- u -r .. r~~ . ..:.i+-t -·+~-1 + i1 t i J ... r, ! ',1: 1;:11,~ I'" i•1; _;-% 1·111, .I.~!; r1·tt :-~rr·\ ·t·t. I ?:~ I j llt' I !'!I ·]1 I .. 1· ' 
r -~-n l· • ii.~. Tr' t· ~ ·t ... ·r·j I 1 rljl ti 1, .• 1· ' 1.l'l!"'ll•+·rr .... ,, 1" - ., ·!·ii- I ~- I .. ·I• ... ·v I f- I ·r ·-1-firf-r.l-,--·1·-.rl--i-!~.1 ht'1·'~•"4 !, ••••.. :lu.l::,,,. ,-l ~ff-;-r4~"1',' I ,: 1 •f '"i;,1 ij •.. · Hi Freon - 11 -i,.., ~ 1 .,..a:\ - • ~ I - -1.. .... • - • • . •• -· ..... 
-·t-,-l-d .. l.4 .. ~-..... '--r .... .:. l..! ~-1 L:.!l•,11 /, ..... ~-tH:~·' 4··· 1 ' / .,:, • . 
·, •·+t: ~...;lli'~lr+.;.-1 . .:..·~~H~ .1,1i1:·;1l1•1!!,:.,1:::ii:,.:..J.;,;:.•,-l-~1·•~-;-,lt: ~' : . 'H-Xylene i ••• ' 
·+t ·j·:~ .... L. +ft ;4--¼- __ 1£ ~, -;J. •t·-iti·1 t"· ., ..... : ··~· r,·•-· 1~ . ·:.· y. 1 • 1 '·•r··•11····1. I I' . 
• .,_ •. L _ r. , ...... 1 • ~ • • _ 1. • r. .... , 1 , • , • l i1 1-1 t- , .. . 1 .. 1 . • , .. 1. .. , • .. ... .. Ht 
- ./I ' I 
• • 1 ·~-. • • • ~· I~ -LE, · Waterr--- --- • .......... +.- .. ,: .... -r· ~ .... •- .... &. ••• 1 ~ ..... , ,1 ., ·r•1 H • , , • • ._ •• • ., 11 • , • 
•. : I . ' ' ...:~.j, -1- .. I. .... ,. 1j ,. I ; ., l :1!' .. ! l•. ·11 ......... !1, . . . ~ •· -1 l.., ., I .. ; .. ,:, y , . . . . 
-Ith~ IJ ~.1•111-t..;•.j ; .. I. tt,r•: • tj,rtT,;jl.i'!';;:·ii··il·.·•·1; ';;...-.,. •···· ~¾1\i ,tj· ,.I 1•·, .i,.1i,;,jt/ I •·· 
.. -1-! 1 T' ·1+11, 1 ·r+, - 11 t H t•I -!f;~ II' 1, .,,,.:.::,:.....-"';': •.j .tl 1 #' · 1 · ·· · " -1! '·' J 1 -t' I, q ~ Acetone 0 -1 • 1 .. , 1 -1 1 ' ' . ·:;: :., •1" 1·; ~:~ ~i:,-':t~. ;; / · (1· · 1 ti I'' ! t- f1 -~ 1 :1•~: T:.i.'I ·:· · · - ·- ·:·~;• ·+-•-•-
' . I, -- ·--• - .. ,, ·t I•"! lf,I ,., , .. I . . ,f;_, I' 1/. , ., ·I. ' I F!' II . I r.11 .. . . 'f +· l.t-+1,l f•. ;•·p1,1· ·1 -·11: t•t 1 ··!1'• 1IJ•:i1 1l'f·'· 1·•;.;_:- ... -::, ... - ·111 1 1·: •i•lt ·r 1'!/i I· 11: .,1:.!Y,,lj ., . ',!' ,,, 
' - •l 1- .... , •. 1.. I •• ·•t--1 , ..... -- ,. ',;,... ... t ii'. 1·1 '/Ii . I ,:.,,,r; .. ,1 
; . Methano 1 · ,1 n-r - -- --- e-:: ~ -, 1 , .,.. : , , , , • , . • 1 '. • • 1 : I. I . . . ·r ! Ir,' I t!:( __ . ,,, ... , ,' . ' T ., ',,/ ! .. fl I ' 'I . / · ·: ,... . : . 
- ' • . .. ' . It·' •.. , ..... 1,.•·1•· ·!"· I:;, - ' . I ' . I .. '.,. ''I .•..... l !1 1.i,Jtt•1n1-i·t·IJ I l1lt1l.U.- ~t~:";,·j,,,,1,,::1:•··l1I~ .. :-·· l.11 I, -litjl111,{;ill,'l t~1l•!':llj,jj,!1II"!' .. ,,. 0 ·--! t1 .H ii• .. J . "iii I '1111l •:1••l1•ll1"t1·-·11} :·:, [ .... l@,/ I I! /, :~ 1 •!, "II . ,. :··: l'l 
. . - ....,.. .. l -;. -·n -- Benzene 1 n 'ij' ;~;• •l'11 ,j,: I;! i;.. .:;l f 7+ !; ' 1 I l I! - -4 .. 1 -t ' )1. ;;..! ··"+ .... I_·- .. ~1 ·1 , .. , ... r1t1lt j! 11 1 1 . : IT 'f!! 11,1:1;1Hi !:.·•1i-:• r.,,.1 . tJxr·' ,, I .. , r t: ' '·I' ·1: !I.·:; t .. ':·1 • 
... rd1 1 •I 1 I I' I i,i i;1l1:'··::.·•··•/ ... . : ' .. ...,.- . •. 'I':,, j :·. . ... 
. . . l . 1 . . I . I I t1 I I : ,,l , •. -t '~ • . . - j . . 'i . I . I 111 : ,. ,.. . . ~ ,I ,f~-l H1 1 -q .11111 i ,11,1,t111:11,1l'••1~.::;., ...... .L .. ~~:·, r, l,U11U,1!,:11 ..... , ...... . 
0 I 1- I t · 1 i I Dowtherm E .;?'.,. ';:, 1 . , , • 1 1 ii: I t Mercury ! 1 1 ,. . ., :-:- . -, 
. . ·, .. , .. l ,,:· :1:.;l•p·•"i•j•·:··"' .. Y.· ill , 1.,n.,.,,.1.1·· ,11,.,,, .. i•.•j 
t· /·, rffi·l,•lf.H t ; . :lpltt.::,'!•!·l!ui:: li·•-,,!· I 1 I I: 1' 1;'!!]'1'''" ",'1•': · ', 1~. -<"'T"+· -r . ·r. ~ ' ti •· .. ,r, ... 1. , .. , .,. ,., .. .,,. ,.,.,, - r [ . 1 , ....... ·-· .. 11 ••· •.•• 
11 ' I I I' I I I • ,, I ,, •• •I - I t, t' I I t · I : .... l I ; t . ' t • I I • ! 4 • • ' t ; f ' ;,,,,,, ,r.: ' ~ • 1 t I I I I I' . • • •• ' • 1 ' 
:, .. 111.,t'•tl!J'lil•·•i :TT 11-.!11!!:!DowthermA l'':.·:·:tl;.l lJ·j·l·i,illill I· Ill :!l, 1.lll!J,l•,lf. ,;;i:t!i"' I· 
' • ' i I • I ' . ' I. t I • ' I I • 1 ~ ' . I 111 It • I • ..: ., • ' .1, ' I I I I I . t I ' 1 ' .. , ., I . I' I". . .. , I' I I. 
't I I I ' 'I ,, I I t. I I 'I
...., -t .. ''j1111 :··•·1!I! i:' j • 1 • '•:• • 1 , ·jl• .. 11 .,,,' ...... , ••• , : : ,, 1:1 :1·' ''. I • I '. '·· •• ' • • I 
0 .--.-- ~._.....,..~--~ • ... -~---- • - ••• ·- - - ·r-·-·· 0 ~ .. 1 .. 1.~ii 111···1111 'I 'I .,, !,,j 1li1 ,: ... 1:· '1'· :,, . •.·• ·It 1· t·j I 111 1• 1·~1·1!1· .. I :I.,, .. ,,.,. ·• 1· "I' ' . I .. ? ' · · f I l .;, · f I ''1 1 f • • ' r • 1 t I l : ' 1 I 1 ! : j I ti ',; • , ~i 1 : :' ! , • I I • ! I I ! 1 1 1 , • t · ~ I · ~ • · I I ! lli!1,t J.,,~.n,;, rl; ,. 1!11'1'djt,,l!:i,1'.,:,i, .. i11.·, .... :!''I•'··• !l l!1•· :il ,,, ·':t 1 ··.••iii' ..... : . •· 1 I ! ' 1 i!l•imr: 'tt•li•:r ~ ,. I! 1,1 'I' -!11•11 .. , ... ,1,:" :··, .·. 11 I: 11 l'~' !, 1: ·•• · 1 . ··:· .. , . I t 
,~1 ,n .. --•7- ·7· ·:-, 1+· ' ·1; -11 ·•"' ·•:: · • ·-' ,. · ·• ··, - · tT +r- ·ti-I · -,---.- +- ---~ ·t1· --,- ··:, ··· ·· •· ·1 · · · 
.. I .. 1 • •· ' ••• , 1 . I I I I I l ,, ' ,,., "11 , .. ' ti ..• . It -I i I ; I I l I.' I II.' . I.. . . . 'I I 
... ,, t' .. j'II- -· I jl (. '.:,.' •. ,:.:·,h:, .... , ... , .. -- . t I·;, •II·,:;; .. ; I 
l!l ir11H t Ill ~1lhw d I1 t '1 mi 11 ~IL11\ !!Ii !1:1:M 1!11} 1M'' n~ . I 111 Ill I ii I i V Iill iili:1!;: i: i, I I I I 1. 
0 
WICKING HEIGHT FACTOR, H (r¥) 
.... 
..... ...... N W .,. U1 Gl ...._, aa t,00 
0 N w _,. ua °" ..._, oa '° 0 , t • , , 1 , , IJ. ~ 14' , • 1 o , , J. I I I • I I I 
'Tl 
.... 
IQ 
~ 
I 
..... 
~ 
n 
:K"" 
..... 
::i 
... 
IQ ..... 
0 :::r ~ 
... ID "'O 
..... rT1 
IQ ~ :::r 
c-+ ..... C: 
.... :0 
... rT1 
n 
c-+ ........ 
0 0 
"1 ;,,.: 
G") 
"1 
0 
C 
-0 
w 
;;;;. 
~ 
0 I ;·•····-,·--t·,·• 1•rlt··••1 ···~·ta. r I 1!1 • 1'~·:':•i:•1•·11!•:·•·t·--;~•i· .. :. ,- ~-1, H i•l'- r I I , ,, ,· 1:jj ··1 1····;" I ·1·. i'I I 
·-i ····--11 -1•~·1ir··. ·-1 l I r r· ... I l1,,l1·1••1'•1l"·1·· ... , .. ···• H·· - tr . - - -~ I· 1· "I ,., . ' .. ,, 
.. r4 • t t 1 ' -t~ • ' .. ~ f t : 1 11 ,•1: ::.: 11 .. ,, l• 1'"1 ... , ~f· - r . . ~ - - ~ ~ ~ I if ., r•· t· .. !. ,. :• . ' 1 I- rh---L:. I 11 -r~---r. f t , l. 11,llh,:i;i•11•· .... ··••··~• .. , .. - - I .. ·- I - - .. I t j • L .. 1, .... 1 .. ,·i; ... ~: 
,.. k,W '"'~I 111-+--,..,.,.. • . ._ . ~- ·~'-• 1!---·· t·r .. ·-1-· ~· -+- .. I i-'- -~·I-.-~ - .j : . l I l!il Jii1 ;1:11 I !lli1I:· ·:•~'· ···~r,•·>- - . .. ·-- !-h I ··!I 11• 11:• •. 1. 1 00 • 1- .. r---· •. t .. +- .. -•· . . I I I '"! ,11. I I• I 1···~·1· • I "' ·"l'il . - - • • - - - •••• i + T .. , , .. •·t .•. .. 111 
r tit Jt~ · 1 ft -r J+ t -t ;) I I J I l ''l' :1 1: !111: I ,i:! I" .,~, •11 ·::: l!j - >-- - j t . I ,__ -- 11- 11 1! .;ii It: Ii-,:... . !I .. ··t u·: m I 1- .ttr;=ttT -1- - M · · I I " I I I' II h i'·· ,. ,I, 'f1' •••• ~ • • - I I= · · ·'- -- rt • · 1 tij .... I'".... • 11 · 1· .-
0 • · 1 . ercury H · , : . • •.. , , .. · ; . 1 .: .: ·: 1h , 0 1 H r-W--.- 1-r ff i-t 1 ·+ 1 -1- ·, 11-- t·j111H i--, 'I l · ·.,, 11· .. ,i 111• ·'.Ill!. ·r - · - · - I · - - - • µI rll ... j"' ·· I' ·. · ··' 
-'-t~...i~~. I --'- - l ·I· I ,11 ,ii, l•·•t ·-·~•·1•1-··~ - µ I ~ - • ,, . I ... . .... ·I . ' .. 
,..;_;.,-.....,., 1- rl -~·· ·,-If I ,,t,,, .. qj .. j.,.,,,l·.,..;11''0·•11•• 1 ,_._ ... I I·~ .. ;I,., .. ; ........ : .... . 
,! 1•••• ' 4 I. :' 1 -..t, ' II .t L !Iii ~!JI •':~;tl •.• , ; f iJ T 1- ! L • 1 ~ t ' "' lli, :t;:: !::~ 1.~l ' 
·~ -~·. ltf· t•Jt ·r1 rt - ·Yr· 1!1 · ·i I 'I' "t·1 ··i1 :·i· ~ ,11: :•, i •.. ··:,:ri: I -1-. 'H+ .,, rt I :I. -- f rr 'i d :)tl :ii, ·1·! ·1: ,:. .. l·l , ... 
·rf-l -t- . , ·-i-• r -~ I - I • t 1-1 .;., "'l'··-1- ·•· ... ~ ·~·- · - • i --·· ·r • ~I ·I •· · •• ••• • " ·•·• •1 • 
-r-i- ~i- 1 · mt· I -i:--,- ·r 11)~. 1 ,f:11:! ... I•!·. '.''ll"''''.···;1;·'-.•f -1·-, -!-f T ~ I ,_._ - :r-J ! i'.l 'I ~ii·',! ..... !. !•f·"'•·:a .. O> 11-1-.-+-- , .• I ·r -~ ,-, II • I 'I I ii .t,.1 "•· "11····!· ..... ,. ·•" - -1 t 1--·· ---· t.t T1 ~ . I•• ·•1 ... ., .. ,,.,,., .. 0 , , , , , , , , , • ., r , , , • 1 ,, , 1 0 
•.t--r·ri7--+tf~ ... ~.,t•-~·ht · 1t¼•j='l•j1,i!''!nl--:: 11'=:.:i::t1 1..~1ft~•·+ - f'ffi' :!·'-··. l·r~l ~ ri -1:;1· ··!t·•·1:·· ·,•,·i:' 
·-1-r,-r- ·g· H ;-- •·- j •·t r. tt I I 1 'I ''"'.f •••· "· 1·•- 1--~l'•·,i-tt·l• ·t . - . . I { T . •·• •1 • I j "'I '. .... .. ·1 . ,. 
· l--1.-~ -· · 1 - ~-,•- - - , . 1 • 1 •. !J,,,. u 1i ,,.11: ... ·.0;1;;.:~:, - ··-- , ! I ~L- 1---:11-'- .J l- ... · ·• .:. : ••.. ••1:, .•• i •• ! I I · , j 11 ' 11 '1 ' I 'I 11 : • :, 11 , I • I 11 , , , 
-i=-m. Im H ir,tl~tf ..... d.L m rt I It :ill:·::·,:· t: ·11•:l::!;:::111li1•·1•1fl .~. ·- •tfr-1-H. ,H -~~ ·l·r ' A H rl (II J~2::1:_:-: .JL::.:;.., 
..• ~ , " i • + . I l±t-¼ Kt.1 i. I l • .•• m· ~ ll+ru r>r • . 'I . ff , . , . ~ L. . . , i1 1 · ;.-,..... . :, . ·-.,I~· .. '. ,. , ,--1· ... ,1·•·1il··'.I. ,• ... ~ .. ,,.r ..... ·-. _,. - r· i ·~ . , •• ' , • 1., ... , •··· .... , ..... 
._..'' 1-.....h" I ~ ._.+ .. •~•-~i,_ -•~:•••tiU,.ii•;,li;a~•;-~!,l.,.,;.1_,.,. __ -++ -'•1~ _• t. "'fLi!••fi;,.,p, .. , .:,t•1•• 
..... . tr;:: 17 ;- ~T -~- !- --I I t l-i l jl,l ·-•::.,:I jr: '1 ·;'i Ir· ~d· ·1• f r -1-1- ' . . ··-t 1 I... - • tµ" Ht H I .ff ii ···t .... .. . . . :!· ·. -·· . g I tj" t-1---i,-~ 1J li-H; • -1 ·I iJ Lil r~ I JI 'h , .. ··•·1,I, .. j,! -· •!·· :~·i" ··•· r- -.--- . ITT t- .. !J, , ·· . .i · --4+-> ,Ir rt I di! •' · ··" · 1• · , • • •··· •• I J 
o 1.~4-i-1-- .,.. H·, I-! :1- - !/I, ll•1 !: I ti: ,.1, ···I:. 'ii, .. ,:i .... 1, .. ,.1,; .,., t'-1 t - r1· J , ~p w. - t- h f!l •r. I .f.; filj' :!i .. •.· 1/ ·t·· 
. . .,--.--,--+~h rt /i-i-·r ~ 1-,,H~ f1 ··;l!•·:1;·•··••11 .. ::1'·:•1 :I:•:· .-·- 1 r -·~~ ·~--+ •I !-t ' 1 : 111 '···•···:·· ... 
-t-t·...;... H- tt tt · ,- ·• .,. rH + t I t• • •1 ... , ... , ••~ • .. ~--,.. .. · · ,_ - . .___ - • , . , . , , ,i1 .• , . ,. ,,. , .••......... Etr..-- }ri· ,rt=f_~}rH i• 1H 1;t11!:2J4~11ll:•n~; .. ,i~~··i·· I- ~-t~ .fj j ~ ·l+~i•t+ral.l,1t!:·!i;.:.::.:.·:: .. ::::::~··,· t 
~-'-·-......- .~. !.. !f_l ,! • -f4. , .. - ;I' [~ 11 I ! !JI,·:! ;.I: ,1'! "1· ,.:. , ... :1·1•:·1· l.!:·[-iff·-··t ' "/' .. -~~ :-~· tt·r !Jt.l . I :·ill iii '. ,: ....... ·,:[·E,·t·· ;.-h------~ .,_~i 1t1·h-·. ·:· t ·I- I 1 1. :•1:•••11,::1,l·,111 ... ,.,,.-~]:'·r• -· 1· It I '- --r 1' -11, ., •rl·••-.t· .......... , ...•. 
..,.. +--1-1~ i ff·~ ·j-1 • · I 1-, •''l"l'l•••l(l'"t• 1·•r · - 1 ·r f -· ··I ll1•f1··1·j · ,,!, ... , ... ,, . ~ ~ "!"•t·•-1- t..!. r + I r' 1 _._ 11. 't ! t I :l i :::! ;". j;, [1,; i,;.1, .•. ) . ' 11 ...... .t.. - f-i- I t I ' it ! '!:, ,:, .. I·····- ..... ' 
o t- 't' ... .:..t '! I 1Jlll/t-.ces1um . l' 111•,i1 i"t:•,/l!·,!11,1,ji,,/1!L~~tassi1JH "f· .Sodium._ __ fl 1' 1·i',·!1 ij1··:·1 L_1th1~m, 
~~,- r· Iii 1- ll1•·1·d·1 1l•:·•·1•·nd·-· · Ill~ - , I· ti ·11••·•··,··1 '11•i•'•· t·!·l+- :r 1-t ~•· t l-•, ·t ·- l. I ••:1:11·~11'1 ,f:, •l;l·.i;'I!.•: ·-- --, ...... t.t,. IH . !,l1l1';1!·.·••·· I·" .,:_1 ••. :; ... L - r H ~t · • - ··1· • · I~ · 1 • j ,, ... , I·• -~ .. 11• t · · · · · ' · · ,_,.._ - ~ 1 I I· !t · 1j · · • ... ... , •.• , .. ,. ·•·· .... 
• 
1 
• ' ' TT • + H · •, ~ii :i:J: •-~~. ·t ' ' it l"i ctr' ~. ·· _: - ,,; .. , .. :.... · -t-- I r 11 'I · ·•- 1· · · I · + Jtl· "I jh:·/.. ;1ir·i•l1'':. ·->-- · ···· · ··-'- · H H- i 1j I '~I·'·· •"';- 1•1' I····., . 
• - ,. -• I- . , - -,!1 lft , .. , .• ,,, ··,1• f11.,.~ •... -- - -- 1 .. L. . - rt· , , , , , .. , •••· . ··. •· . • . • 
..... t.L!~r·'I~ :i11,J-t.. . ·1l ,!,i1 J:1·1lil1:1:l'J::1::•i11:1•'·:~t ··- -~ - .. .:. - -1, 1•r· 1 lj I t:j:1 ·· . ., ... ,:: .. : ·•. ~ ,+.-+ ... ,-.in, 11 tlr · ·1 · · ,,,,.11 .. 11,. 1lf. ... ,.,.,.1.r:_ - · / .. -- t'·1 • • 1 •·•· ... , ....... , Q , ', .I j fl~ I• • •, .l::,:rl·~~-:.•,•l·I ;,,::. ' I t' • I I I ,I' 1•1 -- _ ........... ' 
0 .1.L.1,. • I "I· . - t 1 1 l, ,,., ,,;, •1·· ,, .. 11 ·l•.·•I,. .•. ,,, . - I I ;1 I . jl . I ·•1! '.'I •• ,,, ' '. 
.. :j.,. •· l·· i II - - ' ·. i ,.~ll.; 1: ·lli1; ••. · .. t1i·l: .. i,1·,'.. ,l .,,~L... - l : f1 1 •~I; i ,.;, ,u 11I .,. I 
l.:Jj .Al l1· ·~·· J1,1 1.- - I ·1 ~- l j rl JI!, LlJp;• ,;1:P'i .. ~.i 1 ,:1·1 r.i•• ·r;•I;• '~. ~ · - · · .. J j t· I L - t lj I I 1 1·! j •.I I Ill: 1rl:.. : · '· · ,,, :: .. =· .:, ; · 
_ti).-fit}",. I if1 t· l .I I II tJli:~ 11 :·11.:.' ·•·:,1• ~'T'·'"t: ,- · ·/III ;i ·I · t j I, • •·,I !1,1 '!I ·:•"• .......... . 
: , . ~ ++t- • " .. 11"f1 . _ l/·· . :--,: -.: r ~ . , . ' .... ~ i • ~ T ½ ,.,..,. tn ... ·--- ....... ,.. .... -
• i ,·t· ~. I • I - , 11 .I -1 ·• .l I 1 I .. ,. ·•I• .,,. " ••• ,, . .-j.' r- .,. •1- . .• l ,. I .. , . ·1. I I . t I I I ,!1· .,, I, .. , '". " .•. 
' • . -T l ' ~ • . ' I I ! ' • I . ' t ' ' J ' I ' I • ' ' '. ' • I • 
: 1 --,,,111 I '.'ii,, 1-,1 ·11 !1 ·l•·•d:• .... lr.-·•:••.;:•"::: .. ::• .. ~·rl·1ri1·11·ll•1l1 ··j·L,11 jt:•lt1•1,.,,,j •·h·•··••1• ..... ~··•·· .. •····t•i· ·1···· 11 1 ,, ·•· 'I tt,. ,! l·ftd·.J""'1(•11•1••"'·"':••·~··· 1- ~ I• t~ t· •f•1 ····rr·• 1l llf ,,, 1 •• 1•• "·· 
0\ •r•··•ti•. t --~1.;·. •·•• '~ +•:t Ji I,. l.!,v;, ;;;, ,.; ;,' ... 1;.: ,• •1' ,j,._. ,.l ••a,:• l•·1• •I ;,1 j ~1 ·• 
0 . . ,' . '. . • , :,:iz''. ~ .... ;.....;J.,, I : •:: j ·: .' : ., •,• ,. -...•-· -,~-·-,----'-~,-.-
O , .. !·••·•, it !:::i, '"' I•! 111' •;,, 1•· ···•·: :·, :i:·•1,· ,j.' 'ii.·; lfl !·ii; 'II!•:•'! !fl "1·"! 1 • .. 
,. q·!-~'11dr1,·l 1 I! :t •It~ 1•1! 1·' L1. 11• ... :··i:•·•: ··•.•·~·.·I lj•111lJ1• t1.1l•l 11· ·r{l 1j,, ,.,, ,~;. ·: j·· ... I. •··•··•· 
1·r•·•1•rl1 ''fl''''' ••·I q I I• I I 1 "I·• "it',;:, .. ,,.··• •I 1 •t • 'I •n Ir•·• r·t • 1 1 , 11 1 .1 .. 11 • , 
,·,,7 .. :~· 1!·11·•:• ;!.'. ll(t •:•I •ll~i•I· ·.•·.·•:,·lj;,:.,1···.····".· :·, •il•:!l 1 1 ffiRit ,,; .. j ··•!l l I, ,!~I ii·"··'tt';• . :.1········ , .. , 
' I I I ~ ....... ·--r•-r .... r. ,-i-+ri !T'~ 1 ·11• ·11 ..... ,. ·r· .i;, .~. -- . •···• ... +.l- ·, - -H-- rt ~ ·1•· .,,- ...... -· ...... ····-·· ·t 
r-·l+:·1r +,;;1•11;t·· '111''~1' Ii jli"it•·!::,,;(•i,:i Silverl1 t•:ii: + •pl:il:1 •P'•j: ··1 ·.· ·: 
..... rrJntt1' Ji. bl·,: -i•!·l·1 1l11 )~11111, ·1!1111 11 i!:;,:1,t1t;;;;/~T .: I l1 -111i"1·11 11··rtln1·11· trrl: __ lj: ·11 '1• lil'1 1l l ;1:1· 1 /1" ;. ·:· :·:1·!·:· ,,:. ···:·. 1· g: JJ_ ·• .J . ·t1 H l + - ! J.,' 1111 . I I 1I •If ,, ' 11 •• ,, :•· -~:~, ' j I- rf ~ti t I h-H .t ~· H I f : I i ! ' :, ,.. . l: •. I 
0 
~) ) 
• 
~ 
...... 
> ;. 
. 
0 
-I-~ 
• I-
-V, 0 
u 
en 
-> 
u 
-i 
!I:! 
-~ 
10'------------~-..,....--~------.-------,.-----,--------. 9___ • - ~-,~ a.:.:;·,_,----:'::~-:' • . ·::.:.;.·_-;-_:·.-•. ___ ... 
8 - --7_ __ 
6 ---
5_ .• 
4 - --
3. - -
2. - • 
102-
9_. 
8 •• 
7 --
6 --
5 __ 
4 --
3.. 
2--· 
10 
-9. 
8. 
7. 
6. 
5. 
4. 
3. 
2. 
1 
0 
I I• I I, , , · · ~• · : , , '\. ~~ •.~ ..l...; __ .J, I' 
: : : : : . \ ~ __ t+iw,: , , . u_~r: ...... ~~'-~ . :~ .. , , r\+-H-+-+-+i: ... •-:-.,.: +:-,-,-!" : I . ~-~·- -. , : :t!t1 : .. : 
J_J_I ' ~\.:_ I ' ' ' : : I : . . ! I ' I '~""77+: : I .L I i -·+· .J,+,T, .. , L..i._J._,--,.- .... ~-=- ...;....._ ·, ,;I 
-rr-~- r • l ' . ' '-?-t-; TT • ! J. • ·- I I I ; !-~xi-- ~ t --r-t"- r~ ' I 
50 100 150 200 
TEMPERATURE {°K) 
Fig. 4-8. Kinematic viscosity ratio: 
102 
250 
Group l 
I 
300 350 
...... 
...... 
U:l 
, 
-"" I 
o.O 
. 
7C 
~. 
::i 
111 
3 
.... 
p, 
rt -t 
Q ~. 
,,, 
w n 
::;i: 
"'O 
< 
,,, 
.... ~ 
"' n -i 
0 C: 
"' 
;o 
.... 
,,, 
-:: 
-0 
""1 ~ p, ...... 
rt 
~. 
0 
C) , 
0 
C 
ii -c 
• N 
..,. 
N ... ... 
KINEMATIC VISCOSITY RATIO, Vy/V,, 
.... 
0 N ... -... UI o, -.., 00 .. 0 
t I I I 1"-11 
NI w -4'o UI a, ._, a> ,oO 
' • 
I 
' ' 
.. 
• I I ' 
I I 
g ,++-. t-. 11• 1 11111jl•jl,, .. , I .,.,:,.-t--i-· . ·,tr, .. ;.! --~•111••,,•ij•ri I 11i·••·· I' ''I' '1'·• 1 , •• ' ', 1' •• 1 ;-i-~- . - . 11i•1jl!'I j,!\-1:, ... --- • i ~ l 1:,1 l:'••I:•·•··" ... I: 1· •. :. : •• ... ,', ·: ": .. 1·1 :, ,,: 
- - ~ ,I . •I 1•1· • ill, .f.. - • • - - . . ' I I ·11 1 ·•. ... t I I ' ... , ' I .,, •. ,, ..... I t·· I,, '01 •• 
~---- il4ij~Jµlijl: l !~;;~!:] ___ - .t I I 1~'.,t~~' ·ili~:.::.:~· . .t~-~:) .:J!: :::: :~!;ii: \'.i:'./!llj.!!~::::::I,,, 
~-,- - . . . ' 11111''1' 111! 111' I ·11• •!,. -i ·1t · . II j i!j· 11:• ·•1· I t11111'• .,, ·. I I 1 , I' I I . I. I' • 11·1 •1•• I I,,,,, JI t :1•· ! :: '. 
- . -- •t ' 'I,, I. ., ' - I I'" t..... I • "" .II, ,. I l I . • . '' l t. I , ......... I I I • : •· •' 
-:~-·--- .. -~ . 1,,111~•,1,~il· •1; 11111•+ - 'i 1•11·••l1 ,l1,1, 111111·'1'''' '1·11 lflj ·:11H1·;:,::1 1'\i!•;,l11i,·1·t.'• N - - ,- - . I ,. I I, !111 ,llt .... --1- -,- - · . I· Lip .1 I ~ I 1 ,,.. ... I I •. lq ·!•· .. l1 ,1 1 I , .. t: '·I'', o .,, ,,,, ,·,,' , ,. :1, , _,__ L--Anlnoniat _. ·' '...;...,:,~ ...i 
' 
. 
' 
UI o, ._,0>00 
' 
t I t I 
' 
I I I 
0 
' _4_.......... - · t j 11,1 :1 i ill• • •111 ·11! - -·· · - - I 11 ·ll !a. till :,1 tll 1 ~ · ; • • 1 , .. , ; I ITI111! • !'1, :11· I ji 1,1. 111'::i. _,_,.... .. - ' 111 1,1. ., .. l'· __ ,... - . ·1 ·1•1 ,j, ..• ~L-,.,,, .. ''I,,.,. I I I I .,. I I I .11 !,,,,. ,,,. ,t, .. ,,, 
w 
0 
0 
.,,. 
8 
-r- - . '. . •' .;i; . "·i•· --+- t- - . • ~ , .:1 ": .1 •. ·i•- . ., •• ,, ., ... •· •· • • ~ 'If :"•.I!·/· I ,~1., ·• ., .. 
h ~. T1'" I •:J; 11 ·'- ·•- . - ·r.+l ·m· .,.i •.•. •-t-,- •1t 1 ....... -·· ........ ,---··~ Acetone ·•· ·~· .... -~-ti •-·;I..·'-· +-- - f ,, , Ii 1111- :11il· I ; , 1, ... -- ~ .. "'.'I .I i-:JI H '::d .::· .:,. , .. : ,1 11,! .. · 1--~ ., ; . . . . 11:1 ;.1:: ,, :,.: .. , .: .. t :, ·,· 
-1-...... r1·r· : 11·,,!,t;r I 1 1 l·I•·'•'~ :1 ' , .. ·! ... , ... ~ ..... ,.li,_-i.- . ' · 111·owthennE ·•· I' ·It 
t- ·•-- . I ' 11·11•· I' IJ..'°' J -, 11 ,, , ,1 •• :.--~:.;..-L--- . .,, •. 0 ,. ,. t- ' 
. - - ' I . It lllh ~ii:' -J~ ~r:i !1:; ··:' . i i . - : ! : ..... -~ t::: ~..-i-:- l -~-~· ~- -- . ; . I ~~~ ..:.:: : __ 
- I· · · + I 11 IH :,tl !1! ·· 1i..-""jj ll 11 I 'I l,1 ·:,· ·: ' 1 ~---I-"'"' •:..--rj::1---- 11 : Het~hnol ' , ·' · · C:.-.---i..-- Wt .. ,. :• • .. 1, , ii l11 ,,, •. i.- .,. 1 1 -11, .,. . 1---"":.--.-~1.--r . ;-,-: .... 1• 1,1 . . . , . . . a er ., .. f .... Freon - 11 , 1 l1i•i...,.-,*1· n!i1•11: 111 I I l .. :·i,:-~~1' ~i-:- ·:·• ·• 1 ~-.. ·" l'J' p:; ,:.. · ~I· 11,· i:=: ""?••· :•" :., ., .. I" I 1 .. Tr , tll.:.0 , 1.t II •l!f Ii, I I•~"""' , __. 1 1 i_...,_...,.-;,, •111 ,,., 1,1 1,~ !•• I; o!tt , · ' I t"'' ,I,.., ,.,. 1·" ii, ·1·• •'" :_ f+ ... --~- .. ..; +r • ,, .. lr.- ~·I' • ::::=~ ........ ~- ·rrl >+ ~ 1-H ,- ;.~ l 11 --L-- · · · - · · · ..... , · II·, ... , .... ,.,. ·--I .. ,.!. r·j+±· ~~- 11•1 ,!j: 1:: ·111,,:~ 111 ,.t,.;::::: .. I/ l !·t I'! I :iii!,:,, .. ,.,~~- . . • r.': . :I .. ,· 1, .. ",' :• 111' ··:· i--: '" 
·-t - ,,11 ! ll~t·l', ~ 11·1,,.__.~ ... .,,,..,- ! .. r1 I I i ,.,, ,1, ~ ... •··-~ I . . . •1•. , ... ·1·•, : ··- ·j•: •·• 
---1 .,....,..:;: , , 1 r"t • ;j · ,,,;1:,,·1•L.a,,o~· ,j,, j..,.... -1- · I 1 ! ·' · :--- .. 1 · ~- 1 · ~ Dowthem A ,,. , . , . , ... -:I. ••· : :• •·• 
·i,,,o'I'"/ ~ tlh 11· •11:!'~--fi1°l,1~ •· ·- ··· 1-1 ~~ •. , ... :!,.,, · .... ,. ~. ,.,.,, •• , .. ,.,, ,. ,.,. ~ I' ;,'',-·'Tf-!-:~~11•i1·: ; ... , .. -~--'-, ,•, ..- • I ,'. '., •• L----~ 1Wrr,~ol- r··~,,,.,q•,,-·--···- ,~i,,,,'rT1"'•-i·:•--1· .. •·l'1•··:0- ....... , ........ , .... , ..... , .. 
L. -· ... ' ,1' ',,,_;,....,..ti" I '•'11--·-i·• '..-!""~,, I" ~I . '1·· ,,: .. ,.,.~~ ''; ,., .. ' ' ~. I:. .., :: . ;, :'•·•·1:11• I~'.,;, .1., ,,. 
- .. -- - . .. . ~...-;I ,, I ,,. -+- t . I l'I"" ~"""· .. , .,t .. ,, . I • I I • 'l .• I •· I ... 1. ••I: '·11 I I I• .. 1 '1• 
'i· - l_,; }rt!~~ 111•Jj1, I l1,j1,;,~.--i .. ~If~ !il111,( .. ~ .. ,.' ij 1!:1llo1'•· .. 1·•l_r.!i.: •t .. !!·l.l1111i·i;1ii,!1•1l?.:11•I.•:.,, 
- t ml~::::;,,- . I I •t 1 I. . .,,,. -t-•· ,).:f I.I.LU ~'l'ji• ··r ·•·: t~ 111· +· .,., -t-,7 t ·•1r -·-·· 1• • •• 1r1• -,i ],, l '·,1r .. ·1l1 I' 
·-1- V. ,.,~ ;t'lt' l:ijlll: :, 1 •~,1,•-.__.. .. 111 1·•,•1'•:i1;,!1'1 1,1i11••·r•·--1 1 ·•! i. H''! ii ·11·,•,,,i: 1·1i·1,;,,, .. ,. 
-·+·"" - ,/,•~:11 'ltl :!.:(.111•:;;.,.--:,.. U.+ 111•1111·1· 1,1 .. •:•,. 11· ·11 ··• ., 'jljt·1•1·· ,,1111·,ll,, 
I I '1,J:1,1 1;.,w1::..-,r1 -1 - •• • .... i ,ij1,:tj I • ;11 .. ,., ... ' ' ,., I, ' ,,,,lj, I 11•1 lt·'il•'' ~ -~ ' ,'.~ • , . I .11, ijl1 ~,; ~: ~L.:0[¾.~, t iu JL , r rm i11, !~~ ~ ~ 111111 :':· : _Lw 1_ .1, .. i1 1, w.;:J_ ~-" :~L , .. '!:;, '. ". 
0 ~/II N-Heptane 1.,.....,,,.,i,1111•J!i·1t,•tl/-..... l I ,rn1•11'·'j1·'l;ll~ IBtr,11:1:1.,:- ... ··••! t·•· ·:,1•1.·•10::1:1r1:;;i'l,1i:1:·•'·'dl,,1,· 
,,..1 .~11,, 1 1 :1·
1
.~~ •11:,'·.:.l,, j - • r I 11; 1::·1,, 1,1•,i,,:,, I;, ,-,1- ·•ij_,,111·:,•1,·i:::·:i ii:·•'1•,::·· ' ,. 4, 'I . Ii :.,,""i"'I -• .. I' ,11.. . I I 't.. ... • t·' '. "I I I • I I 11 :• ,ii, ' "' I ,I., .. I~/ Benzene d1iff!l~1l1•lil111 ~1ll 1ji:1t! fr-• · t ;11' 1:1· ,11::l!-l ! I it ,iii,,;.,:. ! 1 I I 11 i : .. ;.1 I:; Ii.!! :ll• :,l:ij: •. 11!1 ih •In-:,""'. I,_ •-i-J +1r1nµ ~I; ·!rfl" ,,,. ,r! 1 ;.,,- ',. I t I 'TI' . . ~ l . 1-:. ,,_ 11· I +t tj't .• ,. ~- ....;.-+-.-~ ~-4-r --i I· . '1" •1f"•'· ,. .. r11 .... t;;~ ... , 
~
fr- - = . 00~ jjj1' !ll !ji:Jl:~1:""11·111' 111 ·1 <111 ::.,..::: ~.::. . . . . I ·11,i,1; i:·,·1; :11; Ii I r 1·1111,1 :ii': .: .. ,· I ; 1' l'·1i I: .• I: :·11·: : 1'1;; ::1~ ): ;J;:~~ :1;: .,i' i; 
- .... -· ;, ·l'l~·,,,.1. •1·11- •1--1-·- - I'' •11111 I 1'1,-1,, -I• I'· J , , 1'•1•11,j, 1:,·'· 
a. - 1- - l?. 1 1 l;Y-: · 1. •.1• ii.· , 1 :II !l, - -~ - - · - , ! : ,1:; ·,,. · 111 111 ; , -••i -. · I f , , I · : i .. l ~ :;.;'. r Mercury t ::. ~ j ~lI tm·..-· r,-11:~l-i• 1 'JJ•!~••· I :,,.,,.• .. Iii •111;1:~ ' , 'jl · jJ· :•:.r···""".,-l.,1,11··1•11·-
_, --1- - )"' ! 1 , I ·•· 1 , ,•: 111 : . 1•11 iio· · --- - · · I I I ,p, 1:1i ·11: i I !!1  :1r ·· I , , , · 1 ,- ... ~ 11 1: 11 ,·•; 1!· : , fl 1 1, ,1  ·:1·· .. • ~ • • ·I•'. 1,1 t 111. t I I' I, - - -- - .. . '. •1! ·•i• .,,, I . I I!' • I I . f, I:,:, ' lf·t ,,, ... II I, I I I' I • ''" ,., 
~
: . .v·-JI ~,11l111!i1,-:,!111!'.l I 1, .. 1,111;; .t, _____ .f] ~• 1 1,•1··.:.i:,•i•:i .. 1,ll11l1•1J_1 .•• ,:•-:1•, 1· I- !-11.vi,•i,·.:,,1,1• 1 1:,11 1 i 1i 1. 1·1.1f:.· , 'mtm··l11••l111 li ltl:1•••1,-l-- -·- . I '••j·•l••·tli'nll 1 -,, ... , ..... v· .,, 1 ,,, 'II'""'•·· 'J!'•·•:" 
,--... t- :,,-
1
' ..!,. t t •r: !h- j H I f., • - ~ rt' .; · ~ !~r + · :.:.., 1 1 ••1: 4 t!; ·-~ _.,. -, --i ... -rrr-! Jh; tu; uii :+.• I f 1- !.j : .. ! ~-- ~•~ 
., .. .. I ' Ii.;~. •iii •,it ; I, i .~ +-. ·- . ti i•' j'l- :1; .. ,; I lj. !..11 .. ,. : ! . ;jl J. 'I ;I ;,,I i-,i ;;,. I ,1 j it .1;1 ,I,!"· r-r* ( 1 
1
11,- iir, ,111 ,,,: :ll;. l 1 i i. ,. :Iii -·t· _ . 1 i,· , .ju .k .• ,, +- ., i ri,, :!:: ·!!· . ·v; I . , •. j •.• i •. , :I•:::'.: 1-i: :+ d:1 ,,i, ti•• ·n, :1• vr.. 1 ~.l,1: .,,. ,,., .. , ,: 1lt•,h.. ... . '·:"·••1·:••"• !I 1::·•"":.. '1,,1 .. .,.,, ..... ,;:•·; .• I :!:1,,•·::•·••1·+ 
"' -4-H. 1 .. µu1 •h ,,,1 :•r "'1 :,1, t I• : , 11 ,Ii, ·11· • ·• · • r d. '. "" .. :. , .. , .. , ,1,1 ••·_: -,1 1 •·· •· , I, -, ... , .. ,. :i•i ... , .... '·•· ::: ,,,. •:·' ·,,._ 
0 - 1;-.:~~*"":'."~'.~1 h 1"1:'.•'.f.~t.' '111"11·?t-:77,o-:-;~1111':- T''"•-,.,..·--·-·r-·---. ,-.-:··••r-...... "7rTI-+-;~~---· 0 , . .,. I !11:frll, .. ,,,.,,. ••·••1••1• ... 1· . . ,.. l!jlfl•'·,·,·•"·"·'tr!•t"''!/•.' . ····t·•,.··:·' 1•1•·'··""•' 
I... . . I !l-1 ii::,, if;i:'!1 ''1';: Ill ,1·, ,,,,-1,,,,· 1· f I ·I' 1i!, ii1t :,·.; :,l. ::'··· 111 1 i .. :f/ " . I'. • . .. 1. ,. ,;: •::· .... ,, .,,, 11,, .,:;,,. . . . . . I 111 1·11 ;•111:;j:l:••.11 ,,,,, 111 ··1··1·1 I l'I ·~i1: j! !•• ,,,,.1'.' -11•1·•~ ,,,. . . . ....... ·•·:•·1· ·:· ,. '";•·:·· 1,,. "" ,:, .,, 
- - . 11· ·! :,1 ·,11:•; d111•r·r·· . ~ - . -; ,t tllf ,:,_." ...... ,! ! ,.L,,,-f"':- i~·, . , • 1 • •·· • i•· .... ·"Jii' ;,11 :111•111•·-, 
11,, rt• ·1•· 1~· ~!- 1· 'I r 11 ·1r ~, 1 ·r + 1 1•··11••·· ,r ... :; ·~ -; ..... , · ·:.. • •· ·-· .. · - · · ·, ···•· , ... ·•· .. ,. , ... ,11· ip· ,.,, .. , 
----·· I J1•1 1'l;i1!!;,;, l1l1J1•!i,•-rl--· ·-· ·, =,,,·11l11•:11•1•-..."tll:ijj• .. ,:··.•· I ·1··. ,. ·••:·•·' :!;j:J ;1:1:, :·;1: ;Ii:"'!!" 
, ___ ,... - Iii. :111-!tt 1,1,,·,111, · ------ ·· 1,: 
1
,, ... ,,. 1,i 'IIJT!•!j .. · , • i I· •: 1 • '" ,: , :,1,•; •·,": , : 111 ,w,··, ·---·-- ,11 I. 'Hi~· if1•11 ---- - • jl .. ,... I ·•I lt•.' ·. ••!·• ·1·1 ,, l . ,. 11 •:1• I I tJ 1•d· 1 •t ~ 1-.--- .. ! 111 11, 1!:1111=11. 11111i1,l.:.;,.t----- ... I 11, li.Y~li:111li1,:1,l1,111·,,· .1 ,.,1 ,,;, ;1;1,;lin,,i, :.,:i:!•i11i:11i :;,,.J., 
0 
t .J 
\~---·1 
I' 
..., 
.... 
'° . 
.,a, 
I 
..JI 
0 
7'-
.... 
::, 
fl> 
3 
01 --f 
-
.... 
0 
.... 
,., 
.... 
0 
3: 
,:, 
ITI 
< 
.... ~ 
VI --f 
0 C: 
0 Al 
VI l"T1 
.... 
.... 
-'< 0 :,,: , 
ICU 
.... 
-·· 0 
.. 
~ , 
0 
C 
'U 
(.,.l 
.,a, 
0 
0 
..... 
0 
KINEMATIC VISCOSITY RATIO. vy/v1 
.,_. N W • UI' .. .._. • .J-
... ..,_ N w • "' • .,. • ,.o t I I I I I I 1 O 
0 .. .... ~ w • 111 • .._. ••0 I I t I I I I I ,,,. I 'I I I I I t I ,c,, 
N N w ........... ... o I I • • • I I '•' I I I I I I I It I I ' I I t t ' I 
I I I,,, ..... I I I 11111 I I I 11111 1 I I ''''Al f"' ~ f" ,,. f", ~ ~!fl I t I t I t I I I • I I t t ~ ? I t t I • I, t I I I ! I t I I I I 
11
·1,111. 11 ,, .• 1:1,c!••• , 'l,1·· ... !j, .. ·1,· 1t1 I'·"• •1 1i:, .. •:• .... ·1- :,, 1:·.i.iir.::,. ..... • •• 1, .. 1,;,1.:r•··'·l.: ,. II' i1i•!l,1~l;:~t I!·''! '~i: :~ .. . I 11:111,,: dr I I ·11·:i!;L:. . 111111·1 ;'ll•!~:~-''!!1,l!lllb'.itl~ J!: Tl I: 111· :·:t! ,; I· :1 i : •• !: I 11 ! gU.,1. In•~·'''"' .I J!,i-1-< . I ·! ~ .... , •.•... , 4 ! • !· ••: ;t• I, . • I 1'. , ... ~ I I' I ·t• •·:· . I . . ll,.,-1- ...... 11. ·.. ... 1 I l •. I.,.... . .., . . . .... ' ' ·: ' ' 
.. 
,t .. 1!11,;~•i:-r ::1rJ;~ . !.lj~•'··~·- 1•· 11t11 •• '"':•Jl'···J:.lill~~ ·· 111 ,h·r.-11 ·r·•1 1 ; •••• i,1.... I ·1. 1 
lilll.Ull11,: ~~ .;;.~1 .... ~ i .i; . . . . t : ,l'. ' - ' l , .. ;1 .. ,.. J. I. t.,-- -.1::: .: ·1-.:. !,•· i,!,,. ·::.1'. .;.,.. ., ; :j,. --·~-- . L .:.. .. '. ,.;.. ~ 111· ·••·I~· ·-I.I.. - . ., .. ~II-
• I ,. ' ' I ·" 1 I I I ·11 . I ' I .. ' ' .:- 'II ' I • . I ' I: ' • I • I --~ I ' I I . '--
'" "!"•·· • · • .- ............ . , •. ,·--~···•·1"" - ·1,,, ..... ···11·••""" .• ,1.,, .... ,.,_..... lllli' · ,., .... ,_,___.... l··,··1 I • 1 ,. , ·~ ,,1 'I- ·~· l1··• ,.·, , .... ,.. ' 1'. ",~- ''Ii~·-- I • • .. , ., ....... , ,, ..... , •• 1 ••• , •••• ' • I. ,.a..- I 1 ·I ··l ,, ... •l •• , .. .. , ., . ,·~-- . I • .11t•:• -. 'I I . ., 11• . 'I' I )"" ' ' · 1· .. ., • c.- I ' ij I ' ' .,, • ---~ ' I ' r .... ... ...... 1 •• • • • fl 1· , ..... ~ . i- I " .. , •• , ..... , , .. , ., . .. ~-" '' , . . . " . .. . ' .• cn-,ftiil , .. j:;.+ .. ,1:.t111,,j:. :; 1:,·. lli 11 liJ!:j. ~ , .. ,. !. I 1 :: ijll". .. , ~.!1.l'i"·• · 1-~ .,., :,. ,1 .... , .. j_ , . a.. • ., .. ·1--· .1• . I UJ_ o ' ':""--1-:-··•·1-L..,!., .•• , ~6,U--- ,,_,,. -- 11;!;...-u. :....._t""- i\..!_ --.'-.:t.-,- -i-p-~":'." .... --1 •,-ri- --~--- .. 
0 I· . ., •. , .• ii,·••,, 111: '1i· i'' .... · Ill;~ i 11· . ! 1· i ·•r-11·· ;·. . . i 11 '111--! . i-';"' ·•· 1·. I .j.: ';, ·; I-!-!-"... . ', l 1' : !·--1:·1 7. I . 
' •···I ,1 .. ,1 ... r•'1; ... •·, .. I.,,,., .. ·1 ....... ,' .1 t, t.--' ',.1... 1 ·I ,...........-. . ,.. . , . , ... ,,1--··•11 I I, j , ... , ..,. 1,,,,.l ,,.,1' 1·11· 1tl·:1.l,l1 11· .. :,,· I !1:,j'.~""'.,., .. 1,: .. ,.: .... 1,.~ .... ;: --1· ···· 1•••• ., 1ll,1,~ 'c>-~P~ I• I ; .;j .l.h' · 11,·•I :. ,, ·i.,;..r. I ,I: 11"1,1: •.. 11: :,:,. ·. ~i..-.:,•, .... : .... I: !,j,.: ... , •:.,-~ .. :: .i:.•1: .• , ... !:. . . .I .J~ ., .. j .• ttr 
I . . I .. . ±J 1 ,· . , . I •· ••• , •
11
1 • . , ..,,.. , • . • • r I I'"·--;"::.''''!•·-~· 1' 'I ·:•,'"t .. , I' .• ,. I .. , "·1: 11 .. •· l.r:. ,.. . ·•·! ,, .. , ..... , .............. 'I: i11· 1·1•--1 ...... , .. . l. I 1'•· ........ ,. , ... 1':;,.1/. .. ... • 11 i , •• ,, .. , •• ·1···1·' 1-- , .• ,,. ·I•· •,c.lA-' ... ,. • I .. ,. •I•· ·I· .,. ~·- . I . 1' ... ,. , .... , I ' 'I I• ,•If~.• • '•r ,• ••• •I '[...,-1,,o""", ,1••,I _.,,.,..-- 1 I•' • I 
' ,p .. ,, , .. •:'··· .. ···•· I I I ·:',". I ·•v ' I :q .!~ ·:· "J"i' ·. :t.j .,, .• ~ .. ' I i r·: ·~ .. ( ·:·,,· 
o:, l1l1 1! 1·----•· 1 !/ Mercury t ,1111. 1/l .. f,!/:1!·• ,'v,,, .. ,,. -.1·;'·•·:··; 1"',__-·, ····!';I •J1I.! ... ::···:; 1-.. !1• 
o r,·•'--1-i,.,.. lr.µ11 .. µ:tc-i,- .... .,.. • ··--·- -:;,;,"·--'-- ; .... ---- . ~ fl--~·-·--,--.. -- - .. 
C> -1 I I l! .,! .... 1/, T' ., ·, •11· ·:1· :;,i,'i' fil I '1 lh>".' .. i '1[: ·1l J · 111i11: 11, ... 1•f1-: . !!. :'i· 1·,·; i I ~ ill' ·;: ;-;i., t· . " ..... :: ff : I' ; !'·' ·! .. :. 1, 
•I 11•V1··••1'•l••,,.,,.11,... '·t~1····~·'-·!!"•·..,~ 11!1·'-••··· ,11.,, .. , ..... ~ J·'''•"--:1, .. ,,.,.,,. I,.,, ..... , 1'·" l V·T·""l·:••1-' .. !I ... ;., .• , Ii!;-• ,,.J .... AI,, .. ,' . .,..,,, ,, I, .. .,.·• ,1,........... . .. :;1, .. · ... 1. !,. ... ,'• • !qi.:,:.: ... ,. 1 lj 11 ·: 00 : 11,:,, ..•• --•Iii 'I'"~:,•! ·1• • "'"',,..; •1 J• ;il::I - ;:ljr),... · 1lil111. •·i·J ·, 17-( , ... ·,; :1:1 :" ,, .. : .1.: .l •:---- • i · lj ! j 1 111,::1 .. : . J 1? .. , ! - :_,,.. 1" .... , .. ,.~- .... 11 •1'· ·s· ,. - '-"'· : l. ~-- I.:. i,.t' ~ ,.. • • JI•· I ....... ;;,-:"' ~ ,,......... . . -,.1 •••...•.•.• f.- .J- .......... ~- • ,,., ... ·+... . . .. I 
~i
.7111"···•··;"~-••it; l,::1.:••1"1;.,"'1· : 11! 1'-::/.111 ;! '"";' jl: ,[;i.- ', .~· ·1··1•!··--·:· j ·1·1,,·!·•· ,. ·, , .... : • ·1 ·'·•··': ·,· ., I '--1--: ~ l•···•·'·--,1 C i .. "" I . I''" ... /.,., •I:,. 1.:/ ,.,.:r .. ; ,, .. ,..... :,:.,, •. ,. ·1· '-· ..... 1, I I ;· .. 1··• .... . n,. 
...., · · · es um · ~ 1 • 1 '~ 1 · ,_ 1' · · · I ' · · · I · • • · ·· 11 0 ••1 d;······:" :.,, t ,,.,...,i.1·1··-r•·•1•''-•· .. - '•I['"•• .......... ,,. ,, .......... , .... ,, ,, 111·•······.] 0 ~"I" 11.!..1-..._•Lrrtt-"''1!7- 1:-/ . .",._.....;.:r• ~,.:.._~ .. -- .< •1''·1• '-f.,:.., I •I•. .4-__:..;___l----~---c.'._ ~- f1- .... ,.-~ '----~·-I-f •,,'-r', 11.1 , 1 , ••• 1: I · 1 , I I 1 ,, I, V 0 ,. 11 I,. , ... , ..... ,,. . 11 I '-'•11 ... ., . ,., . . I..< 1. t "' .... j. .•• ,. ,.. I .••. .,I,. ., . I' I ,, •• - • ' ' 
' ' I ' . ' /,' I ' ' ~ ' I I I • • --- l I ''I 1' '1·1.,,l'·'•"·•iir.~,.1. L ., .. :,,•·! ··111 ,1,,-t I':·•·=·,'-: ......... "., •1••·1 .... ·1--. •· . ,, i t:,;.-,- ..... 1 , .. r ... 
~I .• J;.,1.,;: .... ,·lf·i.1,!l~, } : jl;1?,:.: ,, •• ..,,,.. . i ! ... : ... :•• !j,:~.-:i' ·1·,; .,. ,. . ,t~! ·••i: ... ·•1 ,: 
'·(11 1111:;;•··11• 1111--~d••iu•:r.1:· iii ll11111:j:r.;--flll•,·'!,_,..:. · ·l,!111 ... ,,~.:.1::11-l11;'l!·•1·.• .. · ll!1'!l!i:!--,·t·· · ..... :,..,c.-;,-r-~ 1 j ll:1·: 11 --~t; ·~ ·! ', 
11
1 . i· .,, ... •- '1-Jj'• ,f. - ~1r ~ , ,, , I., ,J .. J. ·•~"'i·~- .. . I ' ..... L, f ... ~ ..... ,. .. ,..11l ·, .. •J•'·t,·. . :,.., 1 ·; l I 1jl• •. I ....... I ., ·t· , . 
, . ,,: 1;1.,1 .. ,, ;J!•·: ., ~ • ·• 11,.11 ... ....-: , •,,11,. I ... ;I .. - 1,' l· .11 ,,: .: . • • ,.1. :., .... ,., v~ .. I I ; 1• :,• .• ;:, . • .... ll l'•''"i.t,r···r.,1.,,•~-1-:,_,,II I 1,111:''ltf:' .... r,111! i-:f 1 ,, • l. 1•!·.: .... ~11,·: 1·::.,.:.;. d, 1!::ll: ·+ :..-:--: .... I I !lil1"I ·'? ... ,j' ,. ~ 1 1 I 1••!,IF,.1•4·•·11·"1-''~ 1 jl•j '"ly.ll ,,,,.,,, . "I ,•'"••rl····· .,,~,--!,••· •,• j·••l••I ~,... J 1· "' ' ·111••1 ··•I ., .. t,-a 'I  'II" 1,1"' o 1 ,I ' '1 1 1 •j\ 1, ' I V, l  , ', I I 1 ' "' ·,jl 1 ·lt.•1•,t.- 1;•r/.· · , " 1v·: •!!1·.r:·1··· · 11. ,.,.11···l1!·1'1;.,:,·::,.. :l•.!,yj 1···t , ...... ,.,1 1 I 1::ll--~·1. · o , ·-, .. ·-·-:-~ ,!t'·v--· ·, 1:l•!)-':•7·· .,-,J-. ;·:,·•·'-'-'-'-;'";j~,-- --•i.;.;-,---1-. ·-··---·-+- i,,1··!--·;;···.- ······•-o J f f''I •jf•"' · .,1 , 'I f ,JI , : 'it,, •" ti• tlf.• ' 1 t • f • ,., 1J '• t•I •••••1 r /. ••~ " ,.1.. 1•• • • I tq ·• j ti[ lw1·1·,!l:l":r:·· .I /•!I".:.;- I 11.?il: ·j1'•!. I;"' ·11- 1:--:. . j' 1' • ,1...!,,, .[ ,·li-:!!.·::·11: ·: j ·•1:•1•1'•1 1•1 :.'l·l .T :!,., .. _; I I '!! 1:1; :i.·-;j.; ... , ·:!1 ·1· . I 1·1w·'111·1 ,,, ,,, , .. , ~ l'''1•ttt·•·r•1·· 1·1.. I 1, 1,1 ... ~. ~ 11·••1•·1··• _,i-( ,,, .•. ,, 1i I .. ., ·• I 'It,,,., ·1• I .,I .. , I I I ' I I·' . I • ' •• , I I.,, .. , .. ,,. ' . . " ' 1 .• , .. , •. , • ·1 • .•. ' I , ., , t• ... • I I ·r . . .. I • i·1· , ... ' • , .. ' , ' • • ' . ' ... , . . ... , , •· 1, .• , .. . . I . , . I ' • I I jl I I' 1 f 1 ' ' ' I ,,, .,.- O I I • 1 I i,1 • ' I ''I ",11.·1!·.1· .·:IL. .... , ..;,.,_ ~- ; ·1•·•:l::i-·-:-r-·r·~·•.-- · ! 11 1·-::-k·f.-,11 .. ::•--v=I -1!•:'i•::·..I. .. J. ...... ·-·: , l !·, .. •,·:··-,;: 1 .... , , ,111 l;•l·"•·V· :h1··.·· 1!• 11w:t··l:·•:;··lr· 1 • i11 ·11•1 ;"r•1·~11:•;-· 1 •11!'::':•• l .. l ... I '111•,1:l·,1·1·1,i:·: 11 .• , .... I... , •... I " . 1·•·,.. . • ' ..... ' • • ,·h JI ,. ' ' II" ,, • I ,. ' .. ,.. .• .. , •. ·., . I 'I . 111. I ' • I 
.... llj r 11,1 I' ,; .. V; rl:·,l 1,F;I;: i,- ·1 ,' Y111111 , (! i,l:::,,:f. f; , ..J.it';,! j ! u t.J.i1,L.?' 11f ~;1~,i·r· 111 i•,1. 'r: .. I. 'l .,, .. : ~ . I 11 1111:11 :., ''·I': . j ::1 · .. 1· ~ . 11 ·v ,:--.. ,. :;: 'I'":· 1 ~ • • • , ,1 ,.,.::·t ~I. :1 ... . .. 1 • Ill' 1,, .. , .. ✓: ,"·· .••:··~,. .. 1 . r ,. •;, .,. .. . ... . • :· •. I:·, •• ·: . 0 - T I ·1 :-, .. ,. .. 1 ..... , .. ........ 1 Sod mm 1 • 11 ·-r-· .• , .. J . ., I .. !tt 1,:--:;,/ -'.11 -1-' ,- • f ~-:· , .•. ···r- -·- -.... - i ·1 ··- -· . ....,. 7- -r ""I"",_ 
0 i, I r,1,•·:'!!1•·,L:·11l•·r-·1:· 'I' 11!·:1:=·-f1l:!1I•··-- :!!'•1·•~!.l'"l,1•:l.!1·1·:1!11•::•·: ll'iJ!jj:: ·--·l·;, 1•··· ,:. , .,·::::1:··: .. ·:•I•': 
. 'I I . ,.. . ~· . ,J I, ,. I I • I '' I . "' ... f 1· 1 1··· ,. I 1 I I V,. I' I • t· . ,, . ·1· •·· t 1 ·,, ' .... • . • ' • • I ··1 •·1· ·•. I ., I I 
: I • ~ I • ' ' ., ' I ' ' I I I • ' • I • • • • • ' f • • • • • I I t. • . ,., .. , ..... , J ,,, . . . . • 1i .• 11~. t I .. , . • y 1'1· , ., , ........ I• .. r , , . .,, ... L . , ...... , • ,. ,,, ., • I- ,!, ... 
1111 %'j ,,1: ";· .1:·,,:: ~ 1,;.;I ~· ~ :: 111 111: il·,,;:11!: •:::i:-' .. 'j: ~· r· , .. • l 11 ~ :i. ,;, .. ;.:: .. · t .,, ., ... , t I ! Ill!,,, r1•f .. I! !H• 11· ·• ~ • 1 ~ I j 1 !11; ::r-1:.):, .. '·tL I.}~ ~H ·11·· 1!i·•·••-r·~t '. ..... , . .,. ... •111!,1·•·1·~-- ,1··1 1·•'.·• ·t ¼1·•:1··•1• 11 ··- .,, ... ,.,.... '•ft•·· ... :t .. i..,.-.,1 1 ,,,•t~••"l:· , ... U,-
1:jt. ·1··•··•--·•· .. ,: .... ,... 111••t·:.·•!:--±•1 · ~-:":· .1.:,ii!: ·•·::-- .;,,• .. ;, .. , ., 11!·,,.:1,1· .... f ...... ·11 ii'•;::i I' I/ I 
11 r 1! ·1--·•.·1·•···t•·"""··· , l''j'r••·,· '. ····Jt· lj' •tl:1··•·1•.•· ,.,,,,011 .. ,., j' ,.,, ... '''I • 1 ,!r, .... /,:. 
. I,• ' ,.,. I. .. I 1· I :1 I I I I' • I I . ' ·I ..• '. I 11' I 
._. I••· • .... ·fl·"·•·s· ! ljJ ·•·"1 Li hi ' I j· ,., . :: .. :"' •·· :1"·:•·•· ·•I. . I , •·:· . I •'I. 
O'I v:· Potass1um1· •:· .. •·. 1 ,.1;•11--·"1 t um . .1 •ttt 11 •··!· ··1• ,, • •· • • •••• • •• , ;, I •r~ ! ! · · o - - - .... n•r, ,. · r • ~ · •· . ~ .. t;, · • •• ·-· · ·- -· -, ·· ·•·· .. · -- + • • i,r.. •·•· -t- · - ·-· ·•·· 
0 : • 11,, ,~. '" .... ,!!. ; .. ,. 11, 1·11j11'li ., .... ,;,f,111 1 ! ;I;. •.I ' 1•• I·:• . '·. I !'.. . ' t .. ,,IJ,7,: ·l·: .. ,. I 
, 1 I t , I • , " • • =·'· . , j t 1 1 t, . 1 r •I• 1 ! f ~ t I j. : , ·, ., • • , 1 , r • , • I t , I , , .. • · 
. ,. ,d,,1-... .... ····.· ... I,,, 1,•,,,,.11 .... ;. , .. I.I."' ,'11 ; ••. :, ........ ·I •• ,.,,. I;. . .. , ! Vi, 1 .... .I. I 
... ;,, .... . .. . ·, ..... I ,I : 1· .,. •·1•:• .1..1 I I 1;1. ··i •!• '· .... ' .. I ;. .. i • ·:,,-- : .• ', ;. I 
, ..... ·1·:•: ................... •···• •1.,·• 1 ., .......... _ .. v... . 1 •• .. ·••••!•·--•· ! ............. I ........... •·· :. v s1·1 ....... L. ...... , .. 
I. · I 1 ··11· ·· 1 [/ • I 1 , ' · • I , • • 1.- ver 1 i •• : = ., ........ ··'.·.. ··•· ....... ·• . : I . Ii• ,, .• ,. . ., .• ,. . . .. I i,1 .• ,. ;j. •. •. r .. . ... . . . . l, . . "I , : 
, ;· ·•:• ,,.... ... .. ., ......... II , , ij.,,,,, ... , ,·: ,, ... I .,,. ··: i ... . ...... , ....... ! : v' L,/ I · 1·•··. ·,· !· . 
' . . ••• I ; i : • • • . ••• .. • ,. .,. • .. ' • I' 'i11 ... • 'I. -~- •• • ' I ~ I . • I.. •• . • • -- •. ... ' • • ' . ' • : • 1 • I • I • ' . . • t "' 
..... , 1 • • • I I • · ·• · ·' I I I 1 0) I: .. J .. , ......... , ........ I It 1.,, ... , 1 t . ····· . ii !1 1•"' •i•·--•l• , ......... ,I 1• ., ....... '/ I I . ;· :· .. :1 ... , 11· 
0 . 
0 
..... 
.... 
Ul 
-"" 
I 
.... 
.... 
V, 
"' r+ 
C 
.... -, 
0 0, -I 
U'I r+ 
,.., 
(1) :;: 
a. "0 
"' < ~ 
"' TI -t 
0 c:: 
-, ;,:, 
,.., 
-0 
. -, 
-(1) 0 
Vl 7'-
Vl 
-'· 
C 
-, 
Q 
en 
.. 
-, 
.. 0 C 
-0 
~ 
... 
0 
.. 
.. 
.... 
0 
~ .. . ~ ~ :"'~ ... 
, ... 
SATURATED VAPOR PRESSURE. Pv (NM-2) 
-~ :-- f r r ;-" :- :-R-
• I I I f t If 
.. 
. 
I 
I 
.. • 11111 ........... 
I I I If 110 
I I I I I I I .... 
"' w • - ....... ~ 
I I I I I I I IQ 
I I I I I I I I -' I f t ,I I I I 
I I I I I I I I I I I t I I I 
I I I I I , I I I t I I I I I 
o , , ' , . ' H 11 m ·:· 1··· 1 1--1· i ;i ! · --, .,, .;:. --i · • l I I I 
I 11 ·11•1--·· e u ·•· . . . ,. 
'' ' '1•: ;1,., .... , ' I' 1•1l' I ... ; : :· 
• ; •• :.: : •. ::'' . I ... ~ i + :~.;~ 
U'I 
0 
.... 
0 
0 
-U'I 
0 
N 
U'I 
0 
w 
0 
0 
w 
' , I I • I. 
11-;,- .. 1~ ~, 1 1·~•,-... 1 ·• 1"•t··r1; l"--i-t-L.J.....' '· • t: t!~l"J'!':' 11 '1'""'1 :·-r1· t:•··r···r•·t··1-1 •-: · r-----4.:..:...~·•·••-1··•·t1·1· ·H·-·1···~1·-t" .. t·1·~t ':-• 1 • ~ '. .,.-......._~ ·••· I .J.-1_•···1·- I"·( l·t" . ...........__~,---·~·-· ro ,r; + r"nnnr, ·t ·1 
I 1.· 
i l ... U'I __,__..._ ___ __. ........ -.. ........................ _______ .._......._.__. ...................... _ ....... _._ _____ ___,__.....,__,., ........ _..._ ___ .._.__._ ........ ..__ _ _,__...._.......,.__. ................ ...___._. 
0 
l. 
.. 
.,, 
..... 
Ul 
.,., 
I 
_. 
N 
V) 
p, 
... 
C 
., 
..... p, 
0 ... 
0\ ID 
-f 
a. ,.., 3: 
< "'O p, m 
-0 ~ 0 
., 
-f 
C: 
-0 ~ 
., ,.., 
ID 
Ill 
-Ill 0 
C 7<: 
., 
ID 
.. 
G) 
., 
0 
C 
-c 
N 
.... 
0 
0 
N 
0 
0 
w 
0 
0 
SATURATED VAPOR PRESSURE. Pv (NM-2) 
.... 
..... .,_ t-,A N Cit Ai UI ...... -~ 
.,_. O O N w • "' ., .,. •!"9 I I I I I I I Ir.., .... 
0 
... 
0 C11 N w ,a. 1111 • ...,.,_ • t t I t t I I I,..._. I I I I I I I I I 
• r- :" t . :- r ;-, ,- :-· l : : i i I i i ' l I I I l I l : 1 l l : l l l : l ' ?-I ~ ~ :" f" :"' fl :i9 I t I I I I I I I I I t I I I t I ~ I t I t I I • I I t ~ t I ! 
1·1 ·~,.i.. ,;i;:!1•.t: - · !1111 !•, ., .... , . '- • ·rt- 1 l•ldM d · ·11•~···,..·P:·,.,••·-· I itlli!lr·'-··•·1·." ,1,H1.1:ili:hi.~lj':1;1;~,:~r~ ,1111111,;i. ... ,: ,:H:/:'1•···- j '!ur •. !~:111 I' 1rr•1,,-½ 1 , !u1~.·1·:;.;.•''i:1:.':.'•·:·,. I 111~111,,,;,.:1•:i•!;;:-1-.,,. 
• . .c.: . l'r"" I •.• I • . ...,~' h,tt 11 . .. ,_ ';i,·~..... ,I +ft ,.;i,;,. ,_ .... :::.J-'-·•. ,f,.:fi ~1"''''' 1;,··t·:1 • ~" 'r,·,1·, ··1!,i·r~·· . ·~•·I;. • ,,! ,i!iil:'t1 · 1 -~, 11··•,'-',lh·:1•:··· · ·· 11 1;!•··1,~· "7 T·r: , IH•ti ;+,;.:'.·it I . ,;;: H I! !
1•r~'1 n: ... ', 11 :I''·~!:·:::. - I t .. ,: . 1, Ir I I 11.I,~~ - . , I • 1111 ii"•;'.'.~·•:·;•:'.!: . .. I 1·: ,:1· :·1i t ~·· •·• ·:, H. 
! ·-••' ,. i • ;1. I . . ii I· 1 I 1 ,11,i l'I • , . , , . , I• , 1:u.1·•1•1i-•"" •. ,1., .... ,..... 1 1! ·.•· .,,.1. 1,1. .• . .1,. 1 .• 1, •. ·-·•·•"·•1'!1p1 . , ..•. ,:r .... ,,...... .... , , .... , ...... ···-·••··1 J.liJ l~·'1·~r ... ·-•f1•·• .. J... l!,!l'·•·---···!11•··· t1•· '•"•·•·1·•1••1 r- ,,I,. ,Ii,,, ......... , ...... I 1· 11 ·'(·"·•: .. ·:··--·T•·• 
If [ i '' .'.;.;,:::.: .... -:11: ~1: f .,; ... · I r 'I! •II' :I" .. 1. I/ I:,!: I, .. i. . I ,,,. 1111 ·,. J. ~· ·lj· :,,. •!·:h~" . . I j I r: ,,. b: 1! .. :• :h h· . : :: ... I . I ,1•! II' r:: .... -·- ·:: ,,rfl 1 , :· 1,. 'l'I, •,, ,, , ,, +'II , .I. ,+ I I I,, 1 , .' , 
11. I 1:·•·····1- ... ,_=.;.;;; ,.1.. • 1 ,.-•,.:·• :i-·•+h!·•11·•;--,•,. , ;r ..... ,,,._ ·1··!•11~.-- +11,11:1·"'·,· •1·--1--· .. 1 1 ;,.,,,,1 ..... ,., ..• , 
mn
••111·1· I. 't· . •-1•!fW:!". 1••. 1•'.I r . .. ij,,, ·11•11·11··•·1· .I,,. 11111·•,:11.:• ·~ ·. -'-'.'' ............ ·-•f.·•:·••· ...... , T ;;-<!.;•"l'.:i ...... •.··•.····'··· 1'1·l ····1·-····r· ... I,,,., ... , ..... ,,,........... '•t11··p·-·· .. ••··1•·1 '~~ ..... -~ .. : ...... !:.:.;;.,./1 ... - 1t·•i:fi'''""";. ·I;.;. tT;', .... ;.,,j:.; ...... ·1:1·•,: .. , ... ,1;:,::.,. :111:· .. ··: <o--•·:·;.: ...... , 
,~ I ld1/, •:· ':':!r.,, -- -~ : .. , --·: .:, : j J I ~\: 1j1: 11·'1' (':: , !;t!, ~' ~ :., ,. I jj•j. I, .. ••~!,·--, .: .. Ali .1. :::. . r11J 111• i11 , .• , J .. ': .; .. r:· ... ' .. )'. ; ' :1: :.-1 .. : . ,.. ., .. '··:LI 
~lil! .......... -:•:·~,.., .. ~ .... J : . .11111., ... :11-•:--~"' i,, ..... ,, ...... ,, .. r.···· ,,. ,.,, .... ,, ..····'·:·•--·····- 111 ::·"··1···•····-· ........ u 
,......,..._,__~:• ~ ~,_~..,~·-·• , .... ,ft1Tif!~1- rti 1~.~~~ - ~ ~-,--; __ L;.r ,"fr';fu-,i"U ;-·~-~---·t-· · 1;7•~-:f'--1:-1-- -· --
1-i-- . . .... ~ ...... "-' .. ,, .• ·•· 11 I mt~l1.11i•l···~l1,,1,.,, .. ,. .. i11b1··~ ....... , .. 1,._ ·,•1·•1····· ·•·· .. L.1:···· , ... l ·p·•,·'- ....... . 
._ , ~t-'. . , ..c· • • 'I •· . . I ' I t-... • I ' I . . . r . . . . . i ' j 
.---_ ,;, r•· , ..... ,-.t-, - ii''"""~ .. ·••·••·1·. If i i11--~ •••. , •••• T ••.•' :•••1t••·• ·•··-·•'•·•·· ....... j • I I i!f,,.,., .. , ........ . 
~--...~-~- · · · · ·· H-~ l•fi: · •'",.~ . .,. '' · :: , ! .. :,, · 1 · 1"'1''1 ~""' · •• : :,.t !i· :if. ··r ··: .!,. i• ... ' · 1 · ;.i: ,:, ....... , -
1
·,· 1 -,...-....... ,. •hr---:11.tlll:l .. '.!•-~i--~• , I ,1,l, .... , .. j ... ~ ........ :11!1'.,;.j .. •-·· ····•· ...... I, 1.:1,!,!,·~+ 
~-· ~.. r-~~ ..... ..;;---=-- :.::-2 ·:·· li•I,, I, I I·;,' I ....... \',..!.t•·• .. · ' I +-- . If -++-I 
11; I ·, ,·, ..... r,-,.,_i,..;._ .,· •· , ...... ~r-,-.j.;. li1 :-:·' i-,. --!4<:.~,...i-,. ';,.... j· : ·:·· .•. ::· ;·, . I;---~ :··11· ... ':1 .. :.; ... .; . 1 l1i1 :!i ... , .. 1---,:. lj, ......... rr,,,._. .. , . t--..t----i-... .. ,.. i--..r-t-- '"'r--. . • .. .. · .... ,,;.,r... .. . -.!. .. r-+ .. .. . 1 ....... , ... --· ..•. , .. 
1•·1111 I'> I+:~ : ........ l!i:!l·:•""'i-,,,_f4. 1, 11,~~~tr .... ~r,..i--,,:-' 1 ;tll-lii·,,. ----- 1i1,.:1i:'½. I 1;1111,,. i--..:.:..··· :1: .' ... i ,1i,1:.; ... ,i~.-- .. ···-:-I•· .. 
'•+f I I' - ·•r·, .. · .. ·· _s. 11:tt··,,· .• r-<t-, rr ~0-.-•1·•----~··•-- 1·,~· +tfj·· .. ,· .. ,,,., ........ -- + .,,1:r"•'i.c. .. ·--1 
· l I , I•• .... '::''"'"'t--<. .. :. "I' 11 "'8--. ., i:1,, ::;:i..."" · '~ . ,!': I ~K !;.. · ·1 ·" i•· ---~ :-- .. · ;:.; 1·1 "i•: .. · 
'1u11•t--t......_ .. -,...""' ~111• ~~ i--,.,_ •. , . I~ .J._;1 •• ,l .. ,.,.,f ... , .. , ...... ''"'-'•·1'r·1t· 1r·•·---·· .. , ·t1 , ... , ·1·•· •-I 
ti, , .1,; ... ·1•···· •;r~t--i,;;,_, I I 1 I 11: t!---1'4•· 1 rt,:, !-..i-,..l':-t--1, 1 I·.:,,~~ , .... •"1':-i,;·· !!•! ,,I. :rl-i·t!:"· t. ". .. .. I ' 1,· 1u ill,.... . ... :I:., ~ I ........ 11:·"·T·· :-,..Ii. I I 1•:1/1l111"rl--l 11l•,••,·t--i--' 1.~•11.•:·1:~- "•••: ""i... '"l'!t'!'· I ,·•· I'-..· : • 11t1·: ·-.!· ··-·· ·1·' - i 1-,1.. , , .................... I t ···•I·, .... ~Ill;, ... , .~ . ~ .. 1 .. ~r-,,...._.,' "" .,. , .•. ,., .... "" ,ii 1·•11· ....... - •.. 
- ..._ ,t t j ""' I 11! I~ j ...... 'N__ ["""llh._ ..., !1l , :, 1 ' 
o t,-;: ~ ....... - ltF>--. -•- _,_,._ • ·-"'- - ·-[·T"' - ·--o 1 · I .~i--..; ·• .;, .. , .. ;. · I 1,,:.IS:i:.i:~ -i. ,.r.1··1•··i-':C-r-LI ~ ...... ~f'i--:· , .... i:-;:::t--., I• , i!. Freon - 11 "o Ammonia.,., .. · ....... , . I . ~~ •" • " I I •., ti ·1· I""-~ .,,...... i--...- ..... -- ' .... ~ • ' ,. ' 
11 l I 1, 1. :!" :, ...... :, ,-...,.::. •: I , )Ii: •il; l,:J ~~ ·I•::, .. :, J ~ Ii,, "1.r-,..· r--,..:i,...~" .: .. 1,~~~1,..; ! ., .. ,~~i:1 ji· .~, 'i·, 1!l ... ;:! ... ", .. •·:·' 
U1 
0 
0 
O'I 
0 
0 
C: 
0 
•• 11 •·1 ·'.,.._~,. ••·• ••••1t I"- •jf.••·• "~ • ••·~L·-:-,..,-....',.,. .. "" ,.._ ..._.". . .. ••~I• I ........... ,..,, •• 
,.ti 1 1:;•·h1 ··· ~·m .... i:,_,,.,, t;i!·J·~!ir.--· ,1,~r-., 1· t •f"--;1111,1/:--"' ;-... · 1--.i::: ll,1--J.•~K....1~~:··..u, ... 11-f•· ~. 11!.•! "11,1 -· ..... , .. , ... 
'fi-t.:: 1 Ir .--H .,. ~Ir 'Ir ·r .... • , j ~r.•' 'I-,-.. • j' ·t ... ~,.. · J f' f",. · .. f. t _--. r-,.•:--.. ·· ,-1::l~- f 1 l. :--, ~• N l~ 1 · J!1 ; ~·: •·· 
' ~~ 11!1 ,:t··:1···r~- ·11i:·,:, T · !· • 1 '!I' I'~ •··· • ! 11· ,:·.:.' ~,... j 1· r-..r-- • '. ,-...i-...~ :...N- '111, ...,._:-..._:=- -Acetone l; , .• :, •· 
....... ,, ~'·"-"" f!• .... ,, • ,. ~ ., . •I .. ". 1· .• ••11 • 1 • ~ ' I .. , ... /", . .., " . 1-,. " I i:-,,, I ...... ,, . • 1· 'I . ~ 'I .• , •• I • I llllmtl·i':--N:··· :~ . • ,,. 111• ,·: ~~. I Ii ·N lilJ :, ,,, :j;L1,";., !·. r,ji1111t;•11,'/1, l'~K , ... , .. ~"'""' I m 11;11':1 ~Jf:, ·: ,, ::1-lt 1 !111.d!•: .. 1" '+·i ..... . I:!.,..,, ., ... ,,,i:,, •1·•111"- 11•·1tl•11 '... ~,• ,·,••I- .. , ..... l,,I, i-.,t-..!. ~···· Ii-,.,, .. ,,._ f , ............ , 11·· 
• . • . . "" .I; ,,.-- -i.l~, . .... . ~! i' t;:"', II.. 1'.. -1-,. m11 .l.J.., 
'l;;; .. ,r .... - .,·,,,i-,.... lj'' 1111:, ..... ~,L·1! •. ,. , 1:11.r,..;· , .. ,,·, ..• ,.,I .. ~"' rn~·,, ''),• ... t-,!Methanol .'ili..,1•.' --·,·I: 11 •I t ~ ' I ~ I I ' ' p ., i 1, I I I ,. ' ' • 
•1lr1···Jr •li!f'j'I'" ,i,. . •'II. ,l .. ·1'[1'1'-'' /•n•½'t-,· ,• .. 1111•11•" .. 1.1~ • r,..!·' .. I ••-···•···jJ.11, .. I .... .. ), .. 
' 1 •1 ,~. ::+•: - ,:, !j': ·1• '. ; "'~ ~~, I u! f 1111 ·,jJ .. ~ 'jli 1j11 h I ,i;- r-,-. I ij' 11· ,,I, 11· •. r,, .:. I1;:il- .•: - !'- , , , ' ~._~ - • N-Hepta ne I' ::., ~I. ·: : .,: ··:: I ·l 
• 1 •II .. ,tJ· • •w ·11 • ,, • , •111 ,,!l:•1-t- • ,, , r ,,, ·"1-- ~ I l .,, H·•, · ~i..:"·• .... · 1 1 I~~•·" " I , ...... · ·•· '·· ··· · 
W l j1 ., ;, 11i ·:r .;,."-: • ; ~fiilr n,'lif..,.., ! •111·11! -~-: ,, " , , l 1 • ;,,, :tH· .'. "~'·"'i-; -•- ·-•-N ! ·;· "·I +, I\: ' · B I~· ,.JI:. ~ .. :.. ··•· ... I -11:, ..... ~··•,· rw•!--··"'1. . Fr'K!J•!n• - ! ,.,.:.f ... ,. t, ii. ;.-;,tf. .. ·,: •. :-.. ,~ 'I' I'\ "o i" enzene 11•--;!,I , .. ···:··: 
....... , ....... •1•··~• .. ,,,, •1, 1•.i-,.., .• ,.1,1.,,.. ~1•••···11-,••·1,u· i-. 11 ,... , I · j,·•1••·•· .. ·,;• 
1:1- 1 ·; 111·· ·11':.;r ·• 11 1+ .:i' ,:. ;:, i I• ,''i~. ni'i-.h· ,ij;!u,,~ i' · · I ~ ·1,1~••·•, 11riri•,•n ,. "'" ll , 'I~·:~ u. La ... N:~11 ij jl I \Ir ,:.1·11 • ·;:•· ;.r: :I 1; .,.,.~ .. ---~¥,!•··:.~" rl 1 •r, 1!• I°' --d:,,,µ 1 :,r-,.:1.1<!·1t1·1•1m.•.·:· ~'l 1i,11;:il,..\,f· :oToluene ,· 111•11 ·1·1·:11·!'1· .. t· 
._ ,-;. ,._ t:,.:. ... _ .. • if-I... .I' 1-~ . -- -- j • • • ·1 I- --,.1,,- -1 11 ,.:i J 1·•· ,. • •· 11 "1 ,r-;r..... , ,. ·,., ' "' , I, , ,•111"'""' 11c ,. · , '· 
11 • 11•"1 ~ •. ··"' 1 "•· ·'" .. · 1 ·• · 11 • '' • • ·'·"'l'i,· "" I' ; ·11 ·•r . .-, ... ir · I ·•1 • ..... · • \~ 1 ' 11• ·,,. '· r. ·• · 
t 1 : :·i: ·ir 1J~ ... ~- ;jj. ii~ :~ ;•f.i I : 1·1: 1ttl ii-' .. 0 1lj: Ill 11 r,,.l.i I 11 I 1· l,1, 1:"·11 ~ -!l- l,i:., •. : 111-. ! f j1 ,;, ~ M-Xyl ene ~ . •11 lfl! H11~ ;; :· !,! ;:•111 · '° I I I I •j1· ·~ 1•· ... !:!· +: ~· •! l. • I: :Ill 1!·· .. •!' 'lll r 1 I•"'"~ I j 1·:o. ··1· ·,: ~ ", Ii ,· 1·1 "'1; , .. ,,,. I ;d·i . . . . r\: 1, 1 111 ur,l:i:: :;. •, ·:· :·',· !" ., 1 I .. •· .... ·-:-·.. .. •.. ,., ... ,... I ' . •W. ,. r .~ 1,,, .,,. •· t ,. H Iii !1 ' '1• .,.,),,; ~I-' Ir 1,1. lj .... ,.f· I•: I,, . T fl,.; Water ·•;· ., ':i .. ~ 1·H•7._.,, ,. ~ •·f-7- ·;~~ · r• :.{~_,, .. !1•;1~•.!r'""".IT' ~ : •~ i..!I·~· ·' ·1i1 ~ 1 ··""- • 1 l:, ' .. · • ... 1H-:~· -; · i;, ~~- ;.?:·r · 
l•'-·••1••"•"''l•"t"•i'•;.. I .1[ .. f .... 1,.,1,,.,, .. I) n,,l•••·n·t' .... 1,:1 .. r-,.. ~.J, .. ~]r. ,....... l1, ·1 1•"1"" r•··• rm1i 11i···--·I·: .. ,..·!!;.;,·~···· 111;:'.·•w;t··!1l;,,,,;·,:·, 1,·1'ixhijr•1ji'.:·•···t·lt"!i1·1·:1"' 1!:,111·.,,NtrtJJU ~1:d1·'1[',:f:;:"f,·,/1 I, 
1 1 r • :11· .. ·1··; .. ·:,: ···:· •-· 1 ,,:, .. ,, •. ·~ 1:i'. ,~·/It! I ·1:"l•I· ·:·•··· .. , .. :1:•t·•·· ~ ..... I' lf'Tl'i\l r. l' I'•"• ";1" 1: 1•1' 1·1•1·, 
• 11• 1 !i ........... 1·· ... • 1 t·••1•1 ... , .............. ~-- IIJ'···i'---··~ ............. .,, '"' 'Of ... i,:DowthermE 11 ··••···1•·· 1•1 ·•1 .. 
I I I : ; I ' ' • •• I I.:' : . •• ~ ' I I ; II I . -f"~.. ,-~. I ~~': I h ' • ~- I ;--:- ~~ ~- ~too- -f-
!11 ! ''111:· •:•· ···•- ""!·•···•! 1, 11111::h;:••' :1;.'l''t""· 1 · 11•,·I·!!: -..T,........ ,,~. •1;•,··T,l. 1•·11": .... ,; .. ·1··ff:·;•I 
111, r,, ......... -....... 'I l'li.''' ..... , .... ,,. ,..... ''!"•11•·----·~··•--.. l••t·· ,. -..;· '"r·· ·1 . I ,,,. ,, ........ .. 11• ! !1:··:· ..... ;"'···:··:· I I i1!J·.H':· lj ·•: :, ... j ,1 :i:'1; .. ,.... . .. · ... ,. ! !JI' •:: .. '" l•1 1~1·,\•'"' ·•·. -;,· i' , ' . t!· .. 1 •• -·,.. ·•· -.••91 - • 1 I ~r• ·:.· ·•·' . ·• .,. 1" • .. ;:I J.,. !" •· ' i , .... +- • : H ·1 ~ • • • • • , t !1'' ,1, •• , ... t 
1 
: ; ; ~. :·, • •• • •·· • •· 
1 I l t ~ ;: ,.: ... : .!: = • f , 1 0 : ,:, . , I - ~ •i 1 r • i:: , · I . . , ,.. i ! 
! i • ,,.I.. ~ . ... . . . . : i . ! :•1--·:• ..... • .• ,, .·. t ' .;,. ,1., . •. .. .. " '.. .1 i , , • . r-- t ,. 
,- .... -.,.,;.--""'"- ... ···-··· I 11 ·1,. ............. ,. ·"·~····· . 111··•·1.£ ....... __ . ,.... . .. ,.,,, .................. ··•- ....... ·---· -
11 '. i ,!j, :1i· ... ,, I' ··f·· :· .... ' 1 L. l I!!'" •Ii•::• I .•••• J ,; •. : ... I 1 ,.1 : .. j;:, ..... ··l .. . . , ~ Mercury.:.; '\ Dowthenn A. . ; ... ., .. r: ~·r I 1· 
0) 1,,1. ""''"•• ........ ··•·" .. , .... , .. , ................... ,, .. , ······' I •i· , .... , •.. ,.. . ... ~,,·1, ......... I . . ' .. ·• , .. ,. . . I 
0 w 
0 
-N 
I 
I 
-
> Q. 
L--· 'lf-'f.:r:- ~~ --·= :;:_:_::; :q~i->L:fn , ; ., iii. =---~_:.1::- :,Yi--·:-----: :-,.-=-~y, n r - . , , i 
~:.:~~ ·---- ~ ::~-=--;~~~: ·€ - . .:&~~-r -~-F1~~-f ~--~-::/ 
z_ __ _.. __ 
1--
--
_L•.!_t.;. 
• 
,. 
. ~.:u.:.... ; f..:.....:.... _. ·/:~~ 
i ~~·=r::::-___:i::=:. 
~· 
--
~}~ 
~ =- ,·J : r =·:-7.~ 
I, ~: t~! H~~t 
: ,... ~:.- -:.:---~ 
__ -:. ..... - . ::· ----~-
H-+++-!--J-l.-4--.L...J---/J-..+4--~" . ..J. ..... .L...Hl,-J.-+-.L...;,..;...J.+~1----..!...l--....;.-1--',+l..-++.:-!-!--+-..L..;...µ._i_~ ..... ---l-...... . ;. '  ·_!::.:__ l .:_;;:: ~ 
1os_..,+,-l-4_, _+..;...tt:,+_' .... _'-:1,~~ft:: !.:t.11..'_1_1 _: .:;.':.:' .. T:.~t:::·_.L.:.._•+·-~---~_-..;·_~'.....1:t:':+~~:;:.:,t.t.;J..'..;-'-_"t,i,i:.~:.H--;....' .:...L..:_·_::._1.,l· ,,_·_-_._-...;..~---_-__ -_.-1 
I 
400 600 800 1000 1200 1400 1600 1800 
TEMPERATURE (°K) 
Fig. 4-13. Saturated vapor pressure: Group 3 
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4.3.l Operatfng Temperature Range 
Since a heat pipe cannot function below the freezing point or above the thermodynamic 
critical point of its working fluid, a fluid should be chosen whose useful temperature 
range spans the operating temperature limits of the heat pipe. The lower temperature limit 
relates to adverse vapor effects such as the sonic limit, entrainment limit, or simply 
excessive vapor viscous and liquid/vapor shear pressure drops. As a "rule of thumb", 
the lowest operating temperature should be greater than the temperature corresponding to a 
vapor pressure of 0.1 atmosphere. Conversely, the upper limit of the operating temperature 
should be kept below the critical point to avoid low values of surface tension and latent 
heat which result in poor capillary pumping and excessive liquid losses. Operation below 
the critical point will also avoid excessive containment pressure requirements. 
4.3.2 Liquid Transport Factor 
The capillary pumping ability of the working fluid is best described by the "Liquid 
Transport Factor," N1 . This factor states that the highest perfonnance of the heat pipe is 
obtained with a fluid which has a high surface tension, high liquid density, high latent 
heat of vaporization, and a low viscosity. In Figs. 4-2 to 4-4 the Liquid Transport Factor 
is plotted versus temperature for selected fluids in the three basic operating temperature 
regions. Notice that each curve contains a rather broad maximum near the fluids normal 
boiling point. The decrease in the Liquid Transport Factor on the low temperature side is 
due to the' increase in liquid viscosity. On the high temperature side, the decrease occurs 
because the latent heat, liquid density, and liquid surface tension all decrease more 
rapidly than the liquid viscosity. The Liquid Transport Factor decreases to zero at the 
critical temperature as the latent heat and surface tension become zero. 
For heat pipes operating in the absence of body forces and for conditions where the 
vapor pressure drop is negligible, fhe capillary pumping limit is directly proportional to 
N1 • However, 1n the general design case, there is no simple grouping of fluid properties 
which serves as an exact basis for selection. Therefore, the N1 factor can only serve as a 
figure of merit for candidate heat pipe working fluids. To finalize the choice of fluid,a 
parametric evaluation must be conducted which includes the liquid transport factor, vapor 
losses, wicking height requirements, and thennal conductance. 
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4.3.3 Liquid Wicking Capability in a Body-Force Field 
As discussed in Chapter 2, the presence of body forces can influence the relative 
performance of various heat pipe working fluids because: 
(1) The body-force head is subtracted from the maximum capillary head in 
determining the capillary pumping available to overcome flow losses. 
(2) The body-force head must be overcome by surface tension effects in 
order to prime the wick configuration. 
Since in both cases the problem 1s one of surface tension forces working against 
body forces, the ratio of these forces represents a basis of fluid comparison. In terms 
of fluid properties·, this ratio is proportional to the "Wicking Height Factor." 
Thus, to minimize adverse body-force effects, the designer should select a working fluid 
which has a high value for this parameter. For the purpose of comparison, the Wicking 
Height Factor is given in Figs. 4-5 through 4-7 for various working fluids as a function of 
temperature. It decreases with increasing temperature since the surface tension decreases 
faster than the liquid density. 
4.3.4 Kinematic Viscosity Ratio 
The' Liquid Transport Factor N1 and the Wicking Height Factor H1 defined above 
provide figures of merit for the liquid phase of the working fluid. The relative merit of 
the vapor phase can be described by the "Kinematic Viscosity Ratio. 0 
This parameter in combination with wick and vapor channel properties defines the proportion 
of viscous vapor to liquid flow losses. To minimize adverse vapor effects (viscous and 
shear losses), low values of this parameter are desirable. As shown in Figs. 4-8 through 
4-10, the Kinematic Viscosity Ratio decreases with increasing temperature. 
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4.3:s Pressure Containment 
Adequate attention must be given to evaluating the heat pipe design for all _possible 
temperature environments to 1-.hich the heat pipe could be subjected. In the case of cryogenic 
and low temperature heat pipes,storage at ambient temperature· or shipping conditions will 
usually result in substantial internal pressures. Similarly, there exist various applications 
where the heat pipe must be bonded to another system component. In many cases it is 
advantageous to bond the heat pipe after it has been charged. Provision must be made in the 
heat pipe design to contain the resu)ting pressure or the fabrication process must be speci-
fied to avoid this potenti-al excessi.ve pressure condition. 
At saturation condition, the vapor pressure is readily detennined (e.g., Figs. 4-11 
-
· thru 4-13). If the critical point of the fluid is exceeded, the designer can calculate an 
• 
approximate pressure by using the si~ple equation of state for an ideal gas. 
pV=nRT (4-1) 
Thjs equation holds, with a fair degree of accuracy, for highly superheated vapors. In order 
to calculate internal pressures, which are fairly accurate throughout the entire superheated 
vapor region, more complex equations of state (developed from empirical data) must be 
utilized. One of the best known and most useful such equations is the Beattie-Bridgeman 
Equation of State (1). The equation is: 
where: 
p· .. R T M - e') 
. n 
v • Specific Volume (liters/gm-mole) 
n 
v • (Volume x Molecular Weight)/mass n 
·a A = A (1 - - } 
o vn 
b B • B (1 - -v ) 
o n 
e' • C ~ 
(4-2) 
(4-3) 
A0 , a, 80 , b, and care constants. that.must be detennined experimentally for each fluid. 
The constants for a number of fluids a~e given in Table 4-3. If the constants are not 
available for a particular fluid, it is suggested that the ideal gas equation be used and 
a safety factor of 2.5 to 3 be appl.ied to the working stress of the heat pipe container 
material . 
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TABLE 4-3. CONSTANTS FOR THE BEATTIE-BRIDGEMAN EQUATION OF STATE ( l ) 
GAS Ao a Bo b 10-4 X C 
-
Armlonia 2.3920 0.17031 0.03415 0.19112 476.87 
Argon ·1.2907 0.02328 0.03931 0.0 5.99 
n-Butane 17.7940 0.12161 0.24620 0.09423 350.00 
Ethane 5.8800 0. 05861 . 0.09400 0.01915 90.00 
Helium 0.0216 0.05984 0."01400 o.o 0.0040 
n-Heptane 54.5200 0.20066 0.70816 0.19179 400.00 
Hydrogen 0.1975 -0.00506 0.02096 -0.04359 0.0504 
Methane 2.2769 0.01855 0.05587 -0.01587 12.83 
Methanol 33.3090 0.09246 0.60362 0.09929 32.03 
Neon 0.2125 0.02196 0.02060 o.o 0.101 
Nitrogen 1.3445 0.02617 0.05046 -0.00691 4.2 
Oxygen 1.4911 0.02562 0.04624 0.004208 4.8 
Propane 11.9200 0.07321 0.'18100 0.04293 120.00 
Units: Pressure in atmospheres; volume in liders/gm-mole; temperature in 
OK; R = 0.08206 atm-liters/gm-mole - K . 
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4.3.6 Heat Transfer 
Although the heat pipe has been frequently considered an isothermal heat transfer 
device, a thermal gradient must always exist between the heat input and output regions during 
operation. This gradient.is determined by the ra~ial heat flux and the thermal conductance 
of the heat pipe wall and the wick material saturated with the working fluid. The effective 
conductance of variou·s wick designs is discussed more fully in Section 4.4. As far as the 
selection of the working fluid is concerned, it is desirable to choose the fluid with the 
highest thermal conductivity since film coefficients are directly proportional to this 
property. Liquid phase thermal conductivities for various heat pipe fluids are given in 
Fig. 4-14. The thermai conductivity of a given fluid tends to decrease with increasing 
temperature. 
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The designer. must also consider th_e_radial heat transfer in the-evaporator, 
especially if boiling would seriously degrade hydrodynamic performance. The criteria for 
nucleation have been discussed in Chapter 2. Assuming the critical radius .in Eq. 2-83 
for the critical superheat is equal to the wick pore size, the pertinent fluid property 
grouping for superheat tolerance is a/(A p1}. This parameter, multiplied by the liquid 
thermal conductivity, yields a measure of the fluid's radial heat transfer tolerance with 
respect to nucleation. The Nucleation Tolerance Factor is defined as: 
{4-4) 
and is plotted versus vapor temperature in Fig. 4-15 for selected working fluids. The 
higher the value of NTF the greater the heat flux that can be tolerated without nucleate 
boiling. 
4.3.7 Fluid Compatibility 
A major factor in the selection of a working fluid is its compatibility with other 
materials in the heat pipe system. In contrast to most corrosion problems, the structural 
integrity of the tube wall is not the primary cons~deration. One of the factors that is 
criticai to the performance of a heat pipe is the amount of non-condensible gas that is 
generated. The gas could result from materials outgassing or chemical reactions. This 
gas collects in the condensing region and causes condenser blockage. An example of this is 
the hydrolysis of water which occurs in aluminum/water heat pipes. 
Corrosion and erosion of the container and wick can also result in a change in the 
wetting angle. as well as in the penneability, porosity, or capillary pore size of the wick. 
Sol id precipitates resulting from corrosion and erosion are transported by the working fluid 
to the evaporator region where they are deposited when the liquid vaporizes. This leads 
to an increased resistance to fluid flow which results in lowering the Heat Flux Limit in 
the eva para tor. 
The compatibility and stability of working fluids and heat pipe materials at the 
intended operating temperatures must be established by testing. A widely used approach to 
compatibility testing is to employ the actual heat pipe hardware and monitor the rate 
of gas generated. As mentioned previously, non-condensible gas generated within a heat 
pipe collects at the end of the condenser, blocking vapor flow and causing a local tempera-
ture drop (see Fig. 4-16). Thus, by monitoring the temperature distribution along a heat 
11 3 
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pipe operating at constant temperature,the rate of gas generation can be determined. Several 
such compatibility tests have been performed by many different experimenters and laborator1es. 
Typical results are listed in Table 4-4. 
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Fig.- 4-16. Effect of gas build-up on temperature uniformity of 
heat pipe 
TABLE 4-4. GENERALIZEO RESULTS OF EXPERIMENTAL COMPATIBILITY TESTS* 
Water I C! C. C C I ! C 
Ammonia C C C C C 
Methanol I C C C C C C 
Acetone C C IC C C l 
Freon -11 C 
Freon - 21 C C 
Freon - 11~ C 
C C 
n-butane C l : ! l 
D-pentane C C 
' n-beptane C ! I i 
Benzene C 
Toluene I i j 
uowthcrm A C C C I I I 
Dowtherm E I C• I C I i ! 
DC 200 C C 1c ·c I 
DC 209 IC 
Perchloroethylene C C I I 
Dimethyl Sulfide C C 
Mons:mto CP-9 C C 
Monsanto CP-32(py"C"idene) I C 
Monsanto CP-34 I 
Lithium I II I C C C I I C 
Sodium C C C I C 
Potassium C l I 
Cesium jC C 
Mercury Cf I· I I I I jI I 
Lead I I I 
Indium II l I I I I I I 
Sllve"C" C C I I 
C • Comp:itible • Sensitive to Cleaning 
I • Incompatible f t With Austenmc: SS 
* See Chapter 7 for deta i1 ed Compa ti bil i ty Test Results 
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4.4 WICK DES!GN 
The wick provides the necessary flow area for liquid return from the condenser to 
the evaporator and also provides the pores required to develop capillary pumping. The 
properties of the wick are characterized by the penneability Kand an effective pumping 
radius rp. These properties and the wick cross-sectional area Aw detennine the ability 
of the heat pipe to overcome hydrodynamic losses. 
The choice of a wick design for a specific heat pipe application is determined by 
trade-offs between a number of interrelated parameters. First, the wick should be capable 
of providing a high capillary pressure which is equivalent to processing a small effective 
pore radius. Second, it should be capable of supporting high flow rates which means that 
the wick should have a high permeability and therefore a large effective pore radius. 
Finally, in many designs, the wick is directly in the heat flow path and therefore its 
thermal conductivity is an important consideration. 
4.4.1 Basic Properties 
As was discussed in Chapter 2, often the only way to obtain accurate values for the 
various properties of wicks is by experimental measurements. However, reasonable estimates 
for preliminary evaluations can be made for several configurations. Various types of 
capillary structures which have been employed in the past are illustrated in Fig. 4-17. 
These in~lude capillary cylinders (tubes) made of porous material such as wire.mesh screen, 
recta~gular and annular flow channels also made of porous material, grooves of various 
geometries formed in the wall of the heat pipe container, matrices of multiple layers of 
wire mesh streen, packed spheres, and sintered fibers. Typical wick designs employing the 
above are discussed in Section 4.4.2. · Properties for each are sunmarized in Table 4-5. 
Working estimates for values of the effective pore radius {rp} and permeability can 
be easily determined for well defined wick geometries such as the cylindrical, rectangular 
and annular flow channels. These capillaries are characterized by a constant cross-sectional 
flow area. The effective pore radius and the permeability can be obtained from the following 
expressions, (2,3): 
2A 
r •-p ~p 
D 2 
h 
K • 2 (f,Re) 
(4-5} 
{4-6) 
116 
where: 
Oh • :A Hydraulic Diameter 
p 
A • Cross Sectional F1ow Area of the Capillary 
WP • Wetted Perimeter 
f,Re • The Product of the Fanning Friction Factor and the Reynolds Number 
000 
0000 
(a) Cylindrical Channel (b) Rectangular Channel 
t 
(c) Annular Channel 
(d) Rectangular Grooves (e) Circular Grooves (f) Triangular Grooves 
r 
(g) Trapezoidal Grooves (h) Square Mesh (i) Packed Spheres 
Fig. 4-17. Typical capillary wick designs 
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TYPE 
1. Cyl 1ndrtcal 
2. Rectangular 
3. Annular Channel 
4. Rectangular Grooves 
5. Circular Grooves 
6. Triangular Grooves 
7. Trapezoidal Grooves 
8. Square Wire Mesh 
9. Randomly Packed 
Spheres 
10. Fibrous Wicks 
EFFECTIVE 
PORE RADIUS 
rp 
r 
w6 
6+w 
t 
w 
w 
ro 
w 
W+d 
-2 
0.41 r 
d+~ 
2 
TABLE 4-5. CAPILLARY PROPERTIES 
PERMEABILITY CCMtENTS REFERENCE 
K 
r'1./8 (f•Re) • 16 2,3 
( J 2 .w6 (f,Re) 6+w See Fig. 4-17 for (f•Re) values 2,3 
2t 2 See Fig. 4-18 for (f•Re) values 2,3 
(f•Re) 
(6)9"1 ( w )2· w• Sharp Corner: \=Ai, ; N=No. of .435 - - - 4,5,6 W 26+W 6 grooves ; Af.1 = Area Per Groove 
d 2.2 i2n-a + sin a }2.1 4,5,6 .0221 
w0.2 ( 21r-a ) 2 
No empirical values have been 
- -
------ ------ developed for triangular grooves 
(w6 + 62 tan a ) u Sharp corner: Aw=Ai_ ; N=No. of 0.435 
wo.2 [ ~ ( 1 + sin a)+ w] 2 4,5.6 grooves ; Ai, = Area Per Groove 
cos a 
d2E' 7,8 
122( 1-£ )' 
(2r) 2 £1 9,10,11 
150( 1..; £ ) 2 
Consult fibrous material suppliers 
------ ------
- -for Kand£ values 
For laminar flow, which always exists in the liquid phase of a heat pipe, the pr~duct 
(f.Re) is a constant and independent of flow (3) and is only a function of the channel 
geometry. For cylindrical channels, (f·Re) equals 16 and the penneability is directly 
proportional to the diameter of the cylinder. For rectangular channels and annuli,_ (3) 
(f·Re) can be obtained from Figs. 4-18 and 4-19, respectively. 
Although grooves also have well defined geometries, they are open channels 
characterized by variable flow area and permeability along their length as the meniscus 
rec~es to develop the required capillary pumping. In addition, grooves are also 
characterized by two effective pumping radii:* one parallel to the flow channel and the. 
other perpendicular to the direction of flow. In rectangular, circular and trapezoidal 
grooves, as illustrated in Fig. 4~17, the meniscus remains anchored at the groove opening; 
that is, the meniscus does not recede to the bottom of the groove to develop maximum 
pumping. For these types of grooves the two effective pumping radii can be detennined as 
follows (4, 5): 
{r } . p .1 • w (4-7} 
(r P)il • 2A ~ (4-8) 
The smaller of the two values detennines the capillary pumping limit unless the grooves are 
sealed at the end in which case (r p)J. will govern the capillary pumping 1 imit._ Note that 
sealed grooves can result in a composite pumping effect (see Section 4.4.2}. However, this 
requires that the grooves be fully primed before maximum capillary pumping can ~e developed 
(5}, A detennination of the permeability and effective flow area is a more complex matter 
requiring integration along the entire length of the groove to account for meniscus recession. 
A capillary flow factor (Ng) which fs defined by Eq. (4-9) has been developed for axial 
groove geometries (5). Empirical expressions have been developed for N9 using the GAP 
computer program (5) 
(4-9) 
Where Rx is the effective pumping radius at position x 
*The two effective pumping radii should not be confused with the two principal radii of 
curvature which detennine each effective pu~;ing radius. 
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For grooves with sharp corners at the groove opening 
( A ')'• 1 • 0.87 7 (4-10) 
For grooves with rounded corners at the groove opening 
( Rt\ (Aw1' 13.1 + ! :t) (wwP) 2 W' • o.s1 - 1.04 w/ -;:;r)' (4-11) 
where Ai_ and WP are the individual groove area and wetted perimeter respectively, 
associated with a completely filled groove with a flat meniscus. Rt is the radius at the tip 
of the land (See Fig. 2-6 ). The permeability (K) can be determined from Eqs. 4-10 and 4-11 as 
(4-12) 
It should be noted that if the rectangular, circular or trapezoidal grooves are open at 
both ends and nearly closed at the groove opening or covered with porous material such as a 
wire mes.h screen, the effective pumping radius can be obtained from Eq. 4-8, and the 
permeability can be obtained from Eq. 4-6. If the grooves are sealed at both ends, a 
composite effect results and the minimum effective pumping radius is that of the groove 
opening or porous material covering. For triangular and semicircular grooves, R. G. 
Bressler and P. W. Wyatt (12) performed a numerical evaluation to determine the effective 
pore radius. Their analytical results, summarized in Table 4-5, agreed well with 
capillary rise experiments. 
A number of variables are introduced in the properties of capillaries made of 
wire mesh screen, packed spheres and fibrous wicks. These variables include the porosity 
{t), packing density, intenneshing in multilayer screens, random sphere and fiber sizes and 
the effect of tortuosity on flow properties. Because of these variables, properties of 
these types of capillaries are best established on an experimental basis. Techniques for 
obtaining experimental properties are discussed in Chapter 8. Table 4-6 summarizes typical 
data which has been obtained with those techniques. 
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6 
'1 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
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TABLE 4-6. .EXPERIMENTALLY DETERMINED WICK PROPERTIES 
>, 
... 
.... 6 Wick Type and Descrlpllon Ill Test Liquid e r x 10 m p 0 
Ile 
Screen, SST• 120 mesh H2O 281 
Screen, SST, 120 mesh, oxidized at 6000C H2O 190.9 
Screen, SST, 200 mesh H2o .733 58 
Screen, SST• 200 mesh ci1s .'133 57 
Screen, SST, 200 mesh CH3OH .733 56 
Screen, SST, 400 mesh H2O 29 
Screen, SST, 400 mesh c2H5OH 30 
Screen, SST, 80 x 700, Double Dutch Twill ~CH3)2CHOH <40 
Screen, SST• 165 x 1400, Double Dutch Twill (CH3)2CHOH < 18 
·---
Screen, SST• 200 x 1400, Double Dutch Twill (CH3)~HOH <14 
Screen, SST, 250 x 14.00, Double Dutch Twill (CH3)2CHOH <12 
Screen, SST• 325 x 2300, Double Dutch Twill 
__ (CH3)~-~HOH <10 
----------
Screen, SST, 375 x 2300, Double Dutch Twill (CH3)2CHOH < 8 
---· 
Screen, SST, 450 x 2750, Double Dutch Twill (CH3)2CHOH < 7 
Screen, SST, 670 x 120, Reverse Dutch Twlll (CH3)2CHOJI <27 
Screen, SST, 720 x 140, Reverse Dutch Twill (CH3)2CHOII <21 
---·-
Screen, SST, 850 x 155, Reverse Dutch Twill (CH3)2CHOII <20 
Screen, Nickel, 50 mesh H2O 1813 
Q) 
'8 u ~ 
K x 1010m2 :I 
Q) 
~ 
Q) ~ ~ Cl.I 
r::::: 
Rl 3.02 D 
Rl 1.73 D 
R4 • 52 B 
R4 B 
R4 B 
R3 C 
R3 C 
R4 .075 J 
R4 .044 J 
R4 .024 J 
R4 .011 J 
R4 .006 J 
R4 .006 J 
R4 .006 J 
R4 J 
R4 J 
R4 J 
R1 5.81 D 
... 
N 
w 
No. 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
TABLE 4-6. · EXPERIMENTALLY DETERMINED WICK PROPERTIES (CONTINUED) 
I 
0 "0 
.... 0 
Wick Type and Description 
1111 6 .cl Test Liquid e l'p X 10 m .... 
0 ~ Pt 
Screen, Nickel. 50 mesh, oxid @ 60o0 c u2o 680.2 Rl 
Screen, Nickel, 50 mesh, sintered u2o .625 305 Rl 
Screen, Nickel, 100 mesh, sintered 1120 ,6'19 <131 Rl 
Screen, Nlcket, 100 mesh, sintered 
"20 .678 84 Rl 
Screen, Nickel, 200 mesh, sintered tt2O • 676 64 Rl 
Screen, Nickel. 500 mesh u2o .60 12.5 R4 
Screen, Nickel, 1000 mesh 1120 .48 13.0 R4 
Screen, Nickel, 1000 mesh CH3OH .48 10.6 R4 
Screen, Nickel, 1500 mesh H2O .36 6.7 Il4 
Screen, Nickel, 2000 mesh H2O ;22 6.1 R4 
Screen, Nickel, 2000 mesh CJJ3OH .22 5.3 R4 
Screen, Copper, 60 mesh 1120 481 RI 
Screen, Copper, 60 mesh, oxidized 1120 298 Rl 
Screen, Phosphor Bronze, 120 mesh c2H6OH 102 R3 
Screen, Phosphor Bronze. 120 mesh 1120 105 R3 
Screen, Phosphor Bronze, 200 mesh c2H5OH 54 R3 
-Screen,. Phosphor Bronze, 200 mesh 1120 60 R3 
Screen, Phosphor Bronze. 250 mesh C2H5OH 51 R3 
Q) 
0 
d 
K X 10lOm2 
Q) 
s.. 
~ 
QJ 
ii:: 
6. 47 D ..;.. 
6.63 A 
1.52 A 
A 
.77 A 
J 
J 
J 
J 
H 
H 
4.20 D 
2.38 D 
C 
C 
C 
C 
C 
) 
.... 
N 
.,. 
No. 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
>---· 
50 
f-- -· 
51 
52 
-
53 
54 
TABLE 4-6.· EX.PERIMENTAL:LY-DETERMINED WICK PROPERTIES (CONTINUED) 
b 
'8 
-Ill 6 .cl Wick Type and Descrlptlon Test Llquld 0 r x 10 m ... J.o Cl.I 
0 p ::;;: 
ll4 
Screen, Phosphor Bronze. 250 mesh H2O 48 R3 
Screen, Phosphor Bronze, 270 mesh c2H5OH 41 R3 
Screen, Phosphor Bronze, 270 mesh H2O 43 R3 
Screen, Phosphor Bronze, 325 mesh c2 H5 OH 32 R3 
Screen, Phosphor Bronze, 325 mesh 
"20 33 R3 
Felt, Sintered. SST H2O .822 110 Rl 
Felt, Sintered, SST u2o .916 94 RI 
Felt, Sintered, SST n2o .808 65 Rl 
Felt, 347 SST, C38 (FM 134) u2o • 35 49 Rl 
Felt, 347 SST, C38 (FM 123) H2O .35 42.5 Rl 
Felt, SST, A-8 (FM 1101, 1106, 1111) H2O .90 26.5 Rl 
Felt, SST, A-8 (FM 1102, 1107, 1112) H2O .80 13.5 Rl 
Felt, SST, A-8 (FM 1103, 1108) 1120, .70 7.5 Rl 
····--
Felt, SST, A-8 (FM 1104, 1109) u2o .60 5 R1 
Felt, SST, A-8 (FM 1105, 1110) u2o • 40 2.3 Rl 
Felt, 430 SST, B-62 (FM 1305, 1309) H2O .95 260 Rl 
Felt, 430 SST, B-62 (FM _1_302, 1306, 1310) H2O .90 191 Rl 
Felt, 430 SST, B-62 (FM 1303, 1307, 1311) H2O .eo 120 Rl 
Cl.I 
ti 
1::1 
K x IOIOm2 
Cl.I 
J.o 
Cl.I 
..... 
Cl.I 
i:i:: 
C 
C 
C 
C 
C 
11.61 A 
5.46 A 
1.96 A 
1.04 L 
.64 L 
• 56 L 
.087 L 
.028 L 
.013 L 
-
.0009 L 
----
30.6 L 
18.6 L 
6.44 L 
-... 
N 
u, 
No. 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
----71 
72 
TABLE 4-6. EXPERIMENTALLY DETERMINED WICK PROPERTIES (CONTINUED) 
~ 
.... 
6 e Wick Type and Description Test Liquid rp x 10 m 
0 
Pt 
Fell. 430 SST. B-62 (FM 13040 1308• 1312) H2O .60 50 
Felt. Nickel "20 · .891 165 
Felt. Nickel. A30 "20 .815 120 
Felt, Nickel, A30 (FM 415) CH3OH 55.9 
Felt. Nickel, A-16 (FM 1201, 1205, 1209) u 2o .85 40· 
Felt, Nickel, A-16 (FM 1205) u 2o 37.9 
-
Felt. Sintered, Nickel 1120 .828 < 38 
Felt, Sintered, Nickel u 2o .868 <37 
Felt, Sintered, Nickel H2O .825 < 37 
Felt, Sintered, Nickel u 2o .689 < 37 
Felt, Sintered, Nickel H2O .628 < 37 
Felt, Sintered, Nickel H2O .880 <37 
Felt, Sintered, Nickel, A30 (FM 315,415) 
"20 .85 37 
Felt, Sintered, Nickel u 2o .709 <36 
Felt, Sintered, Nickel 1120 .626 <35 
Felt, Sintered. Nickel u 2o .820 < 32 
Felt, Nickel, A30, oxtd @ 60o0 c H2O 32.5 
Felt, Nickel, Al6 (FM 1202, 1206, 1210) H2O • 80 30 
\ .. / 
II> 
'8 0 
K x 1010m2 
1::1 
Cl) 
,s ... 
:I ~ Cl> i:i. 
Rl .80 L 
R4 5. 17 B 
Rl • 306 D 
Rl .48 K 
Rl .88 L 
Rl 1. 27 D 
Rl A 
Rl • 397 A 
Rl .337 A 
Rl .151 A 
Rl A 
RI • 308 A 
Rl 1.75 L 
Rl A 
RI A 
Rl A 
RI D 
Rl .48 L 
· TABLE 4-6. EXPERIMENTALLY· OETEPJ1JtlED WICK PROPERTIES (CONTINUED) 
>. CJ 
"8 0 ::I s:: 
No. Wlck Type and Descrlpllon VJ 6 .t:I K x lOIOm2 CJ Test Llquld e r X 10 m .... H Q) CJ 
0 p ~ .... flt CJ ~ 
73 Felt, Nickel, A30 (FM 320,420) H2O .so 25.5 Rl .80 L 
74 Felt, Nickel, Al6 (FM 1203, 1207, 1211) 
"20 .70 17 Rl .116 L 
.- -
75 Felt, Nickel, Al6 (FM 1204, 1208, 1212) 
"20 .60 I 10.5 Rl (.-042'. L 
.. 
76 Felt, 347 SS, A30 (FM 627) u 2o • 55 7 Rl .016 L 
77 Felt, Copper cu3OH .895 279 R3 D 
78 Felt, Copper 
"20 .895 229 R4 12.4 B 
-· 
79 Felt, Copper C5H6 .895 216 R4 D 
80 Felt, Copper, FM 1006 
"20 .so 144 Rl • 778 D 
81 Felt, Copper,· FM 1006, oxld@ aoo0 c HzO .so 40.6 JU D 
82 Felt, OFlfC Copper, A40 (FM 1006) u 2o .80 23 Rl • 37 L 
83 Foam, Nickel, AmPorNik 220-5 cu3ou .960 267 R3 D 
84 Foam, Nickel, AmPorNik, 220-5 1120 .960 229 R4 37.2 D 
86 Foam, Nickel, AmPorNik, 220-5 C6H6 .960 216 R4 n 
86 Foam, Nickel, AmPorNik, 210-5 u 2o .944 229 R4 27.3 n 
-
87 Foam, Copper, AmPorCop, 210-5 cu3on .945 229 R3 n 
88 Foam, Copper, AmPorCop, 210-5 c6H6 .945 229 
I R4 ll 
89 Foam, Copper, AmPorCop, 210-5 1120 .945 216 
I 
R4 20.2 : D 
----- ·---· 
i 90 Foam, Copper, AmPorCop, 220-5 H2O .912 241 IH 23.2 B 
-· ... 
.... 
N 
" 
No, 
91 
92 
93 
94 
95 
96 
97 
98 
99 
I 
100 I 
101 
Hl.2 
103 
104 
105 
106 
107 
108 
TABLE 4-6. EXPERIMENTALLY DETERMINED WICK PROPERTIES 
~ 
.... 
a.I 
Wick Type and Description Teat Liquid e 
0 
ll. 
I 
Powder, Sintered. Nickel 1120 .696 
Powder. Sintered, Nickel H2O .691 
Powder. Sintered, Nickel H2O .658 
Powder, Si~~d. Nickel H2O .597 
Powder, Sintered, Nickel H2O 
Powder, Slntored, Nickel H2O .477 
Powder, Sintered, Nickel H?.O ,540 
Powder, Sintered. Cu 1120 .52 
Deoosited Cu • 61 
Deooslted Cu. Bonded .60 
Beads, Cu, 20-30 mesh, Sintered 1120 
Beads Monel. 20-30 mesh H?.O .40 
Beads, Monel, 30-_40 mesh H2O • 40 
Beads1 Monel..a...1Q.-50 mesh H2o .40 
Beads, Monet, 60-70 mesh H2O .40 
Beads, Monet, 70-80 mesh H2o .40 
Beads1 Monet, 80-100 mesh 1120 .40 
Beads, Moncl, 100-140 mesh 1120 • 40 
"--; 
CONTINUED' 
Q) 
'8 0 ,Cl 8 13 10 2 Q) r x 10 m K X 10 m ... p Q) ~ ~ Q) 
i:i:: 
82 Rl A 
69 Rl A 
61 Rl 2.73 A 
58 Rl A 
38.7 Rl .07 D 
(31 Rl A 
(36 Rl .808 A 
9.39 Rl ,009 D 
.0234 G 
.0255 G 
1'15 Rl 1.11 K 
352 R2 E 
252 R2 4.12 E 
179 R2 2.31 E 
126 R2 1.26 E 
96.9 R2 • 775 E 
81.5 R2 • 559 E 
63.4 R2 .328 E 
) 
... 
N 
()I) 
No. 
109. 
110 
111 
112 
113 
114 
TARLE 4-6. EXPERIMENTALLY DETERMINED WICK PROPERTIES (CONTINUED) 
~ 
.... 6 
Wick Type and Descriptlon Test Llquld UJ r X 10 m 0 
"' 
p 
0 
Pt 
Beads, Monel, 140-200 mesh H?O .40 44.6 
s1O2 Fabric mefrasm. horizontal H?O 16.3 
S1O? Fabric (Refrasm, elevated H2O 14.6 
Membrane, Nuclepore, 8µ, Polycarbonate H2o 7.4 
Membrane. Nuclenore. e,... Polvcarbonate CH"lOH 6.0 
Membrane, Nuclepore, lµ, Polycarbonate CH3OH 0,9 
-
Q) 
-g u 
K x 10lOm2 
i:I 
-s QJ 1-o 
~ Cl) .... Q) 
~ 
R2 .110 E 
Rl 2.37 b F 
Rl .0160 b F 
R4 H 
R4 H 
R4 H 
. 
... 
N 
'° 
\ 
Notes for Table 4-6 
Investigators Ref.No. Investigators 
A 
B 
C 
D 
E 
F 
Kunz 
Phllllps 
Katzoff 
freggens 
Ferrell 
Farran 
l3 
14 
15 
16 
9 
17 
G 
H 
J 
K 
L 
Effective Pore Radius Measurement Techniques 
Rl Maximum wick height, rising meniscus 
R2 Maximum wick height, falling meniscus 
R3 Maximum supported column 
R4 Air bubble 
Gould Laboratories 
Dynatherm Corporation 
Kressllk 
Marcus 
Huyck Metals Company 
Permeability was determined by forced flow technique except where noted: 
a 
b 
Gravity flow technique 
Plot of dxa vs • ..L 
dt X 
\_, 
Ref.No. 
18 
19 
20. 
7 
21 
I 
I 
p ,✓-
Empirical expressions developed on the basis of available data are given tn Table 4-5. 
For square wire mesh wicks which are often used in heat pipe design, the spacing between wires 
(w} is approximately equal to the wire diameter in which case the effective pore radius (rp) 
and permeability (K) for this type of wick design can be expressed as (7,8): 
r • d p 
K • 0.0122 d2 
{4-13) 
(4-14) 
Where the porosity (E) used to establish the above permeability is based on an analytical 
expression developed by Marcus (7) which neglects intermeshing of the wires. 
£ • 1- ~SN d ; 0.6 
4 
(4-15) 
The dimensionless empirical "Crimping Factor,~" is normally unity if the screen is not 
tightly wound and the number of wires per inch (N) or mesh size is equal to} d for w = d. 
4.4.2 Typical Wick Designs 
The capillary structures discussed in the preceeding section can be configured in a 
variety of ways depending on the properties desired for a particular application. Figure 
4-20 illustrates some of the more conmonly used wick gesigns. while Table 4-7 presents a 
"rating" o,f these wicks in terms of basic performance criteria. 
Wick designs are divided into two basic categories: homogeneous and composite. 
Homogeneous wicks are isotropic structures in which the capillary pumping is derived from 
effective pore or channel sizes which are unifor,n throughout the structure. That is, the 
penneability (K) and the effective pumping radius (rp) are dependent on the same character-
' istic property of the wick. Since.high capillary pumping is equivalent to possessing 
small pore radii and low resistance to flow 1s equivalent to large pore sizes, the design 
of most homogeneous wicks {non-composite) requires a compromise between these conflicting 
requirements. Despite the performance limitations imposed by this compromise, homogeneous 
wick designs are widely used because of their reliability, good start-up under loaa 
characteristics. flexibility of application and cost. 
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(a) Circumferential (b) Circumferential {c) Slab Wick 
Wire Mesh Sintered Fibers/Powders 
(d) Axial Grooves (e) Open Annulus (f) Open Artery 
(g} Closed Artery (h) Circumferential (f} Composite 
Composite Slab 
1~\ 
\{ ~1)1 ~ //4 
A 
(j} Closed Annulus (k) Grooves (t) Spiral Artery 
Sec. A-A 
(m} Circumferential 
Grooves 
Covered By Screen 
• • ... o ct O O O O 0,.,.0,, f?0W/ff/2] 
Sec. B-B 
(n) Single Layer 
Wire Mesh 
Fig. 4-20. Typical wick designs. 
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III T' 
Homogeneous 
Wick Designs 
Composite 
Wick Designs 
Secondary 
Wick Designs 
TABLE 4-7. WICK SELECTION CRITERIA 
b II) ~ >, - t) ::I t' bl) 4.1 - C .... 
-§ C: Cl1 .... ~ 
Wick Type 
~ .5 E .... '"" II) 
- C. I-< C) Ill -
.... Comments 
e ::I s II) ::s 0 C. 
,D 
C.) s ~ 
"' 
C. ::s .c "1:1 .... 
Cl) {3 Pot E-t 6 0 '"" ~ C.) C.) ~ 
a. Clrcumferen- P-M G 
tlal Screen G 
p G First Historical Wick 
b. Circumferen- P-M G 
tial Sintered G M M Screen, Powder, Fiber, Spheres 
"' 
c. Slab Wick P-M G G G G With Screw Thread or Single 
:, Layer Screen as Clrcumf. Wick 
0 QI 
C Not Available in All Heat Pipe QI d. Axial Grooves M-G p G G 0, M 
i Materials 
0 
:i:: 
e. Open Annulus G p p M G 
f. Open Artery G p G M G 
g. Closed Artery G G G p p Pedestal, Spiral, or Tunnel Arteries 
h. Circumferen- p Conductance Rating Depends on 
tial Compos lte M G M-P M Whether Wick Sintered 
QI • 
1. Composite .... Not Very Sensitive to "Perfect" 
-
M G G G p 
"' 
Slab g_ Closure of Pumping Wick 
§ j. Closed Annulus G G p M-P p 
k. Grooves Cov- M-G p 
ered by Screen G G M-P Not Reduced to Practice 
1. Spiral Artery M-G G G p p 
G • Good M = Average P • Poor 
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The graded-porosity wick (22) fs a non-arterial (non-composite) design which tends 
to offset the competing effects of penneability and pumping and results in optimized fibrous 
wick designs. With this design the wick porosity is varied such that at every axial 
location it is only as low as required to insure that the wick remains nearly saturated. 
Thus the permeability is everywhere as high as possible. The potential increase in 
capacity over a uniform porosity fibrous wick depends on the particular application, but 
it can be more than a factor of two greater (22). 
Composite wick designs have been investigated for a number of years. Large flow 
channels in combination with fine capillary structures are used in compo_site wick designs 
to independently optimize capillary pumping and permeability. To achieve the resulting 
high performance~ however, the wick structure must be completely "primed". Because vapor 
or non-condensible gas inclusion or a small saturation pressure differential can prevent 
complete priming, conventional composite wick designs have proved to be hfghly unreliable. 
Techniques to improve priming such as Clapeyron priming (23), meniscus coalescence {24), 
and Jet pump assist (25), have met with various degrees of success as discussed in 
Section 4.4.2.2. Limited experience with reliable priming techniques, the high cost of 
such designs, together with operational limitations such as perfonnance during start-up 
are factors which should be considered in the selection of composite wick designs for any 
application. 
4.4.2.1 Homogeneous Wick Design 
Permeability and capillary pumping detennine the hydrodynamic heat transport capabi-
lity of a wick. As stated earlier, a compromise between these two factors is often required 
in the design of a homogeneous wick. An examination of the equations developed in 
Chapter 2 for the Heat Transport Capability will show the dependence of this parameter on 
wick properties. The applicable Eqs·. are repeated as: 
where: 
2 K Aw ( 1 + Tl) Cos ?c; Fg_ Ng_ 
(0L)max • 
Tl • • 
rp D Coss r2 L sins 2H1 Cos ec + 2H1 Cos ec 
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(4-16) 
(4-17) 
Ill I: 
j 
F • f. 2 v 32 K 1 +1:.v+i..,,..,. __ 
3 "R. o\,v 
with H1 and N1 defined by equations 2-65 and 2-68, respectively. 
(4-18) 
For all homogeneous wicks except the axial groove, the wick area (Aw) is independent of the. 
capillary properties and, as it can be seen from Table 4-5, the permeability (K) and 
capillary pumping radius (rp) can be related by: 
K ... r 2 p 
, 
If vapor losses are_negiected (Fa.: 1), the dependence on capillary properties can be 
expressed as follows: 
(QL) :r K (1 + n) a rp (1 - rp h max - -rp 2H {4-19} 
In the absence of gravity (n • O), the wick with the largest practical capillary pore size 
...... ----
w111 yield the best heat transport. For heat pipes which must be operated in gravity for 
perfonnance verification or as a normal mode of operation, body-forces must be included in 
'the selection of an pptimum pore size. Differentiation of Eq. 4-19 yields the following 
optimum pore size for operation in a 1-g field, (g • g0 ): 
(4-20) 
For axial grooves, it can be shown that 
(4-21} 
Note that, since axial grooves are non-conrnunicating: 
h • L sin a (4-22} 
where 
a• heat pipe elevation angle 
134 
and that for all other wicks which conmunicate with the bottom of the heat pipe: 
h • L sin a+ D cos a (4-23) 
For a 0-g heat pipe application which must be verified fn gravity, the optimum pore size 
should be selected for a test elevation which precludes significant puddle flow contribu-
tions. An adverse test elevation of 1.25 mm (0.050 in.) or greater is generally preferred, 
Once the required capillary pore size has been identified, the type of wick design 
suitable for a given application can be selected. Ranges of physical pore sizes, capillary 
radii and penneabilities for some typical wicks are given in Table 4-8. For reference 
purposes_, the Table also lists the maximum static wicking height (h)max of water at 100°c. 
The designer is referred to Table 4-5 for the definition of the basic wick properties. 
(a) Wire Mesh and Sintered Fibers/Powders Wick Designs 
As can be seen from Table 4-8, wicks made of wire mesh screen and 
sintered fibers or powders can provide fine capillary pore sizes with 
correspondingly high static wicking heights. On the other hand, these 
wicks are characterized by low permeability due to the small pore sizes 
and the relatively tortuous path the liquid must follow. These wicks, 
therefore, are most suitable for applications where the heat transport 
capability is not too restrictive and operation against a high 
elevation is required. Figs. 4-20 a, b, and c, illustrate various 
typical wire mesh and sintered fibers/powder wick designs. The 
principle difference between the circumferential and the slab wicks 
illustrated in Fig. 4-20 is that the circumferential wick offers an 
ideal vapor flow channel (cylindrical) geometry but requires the 
heat to be transferred ;hrough the wick liquid matrix to the liquid-
vapor interface at the evaporator and condenser. This type of wick, 
therefore, offers minimum vapor flow losses but has low heat transfer 
coefficients at the evaporator and condenser. The slab wick on the 
other hand provides efficient heat transfer at the evaporator/ 
condenser but presents higher vapor flow losses. To enhance its 
heat transfer capab111ty, the slab wick is often used in combfnation 
with circumferential grooves or a secondary wick made of a single 
layer of screen (Fig. 4-20, Sect. A-A & Sect. B-B). 
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Wick Type 
30 Mesh Screen 
100 Mesh Screen 
200 Mesh Screen 
Sintered Fibers/ 
Powders 
Axial Grooves 
Open Annulua 
TABLE 4-8. PROPERTIES OF TYPICAL HOMOGENEOUS WICKS 
Characteristic Effective Caplllary Max. Wicking Height 
Dimension Radius with H2o at 100°c 
ffl X 10-3 in X 10-3 m X 10-3 in x 10-3 m X 10-3 inches 
0.50 20 0.43 16.9 29 1.14 
0.14 5.5 0.12 4.7 104 4.1 
0.07 2.75 0.063 2.5 197 7.75 
- -
0.01-0.1 0.4-4.0 1250-125 50-5 
o. 25-1. 5 10-60 o. 25 .. 1. 5 10-60 50-8 2-0.3 
0.25-1.5 10-60 0.25-1.5 10-60 50-8 2-0.3 
Permeability 
m2 X 10-l0 ft2 X 10-!2 
25 2.69 
1.8 0.19 
0.55 0.059 
0.1-10 0.01-1 
35-1250 3.8-135 
50-2000 5.4-215 
With respect to vapor flow losses, the performance of tne wicR 
designs illustrated in Figs. 4-20 a, b, and c can be optimized as 
a function of wick area (Aw) and vapor flow losses (F1 }. As canoe 
seen, performance will be limited by liquid flow losses if the wick 
area is kept small. That is, the performance of tne neat pipe goas 
to zero as the wick area goes to zero. At this point the vapor flow 
loss factor F1 • 1. As the wick area ts increased, liquid flow 
losses are reduced but the vapor flow losses are increased. 
Eventually, the vapor f1ow loss will dominate and the factor F1 goes 
to zero as the wick occupies the total cross-sectional area of the 
heat pipe and the performance goes to zero. Optimum wick area fs 
dependent on a number of factors including tne permeability of the 
wick, the vapor channel(s) geometry and tne kinematic viscosity 
ratio, vv/v1 • Optimum wick design, therefore, is not only dependent 
on the wick properties but is also dependent on fluid properties as 
a function of temperature. Figure 4-21 illustrates tne optimum 
performance point which can be obtained with a .00127 m (1/2 inch) 
diameter heat pipe using arrmonfa at 273°K and various sfzes of wire 
mesh screens. Optimum operating conditions for both the circum-
ferential wick and the slab wick are illustrated. In determining 
the optimum wick area, the designer should keep the following 
pofnts fn mind: 
(1} Optimization with respect to liquid f1ow losses ts dependent 
on whether the vapor f1ow is laminar or turbulent. 
(21 Heat pipes are typically required to operate over a temperature 
range. Optimization should be performed at tne low end of the 
range. (High Vapor Flow losses.) 
(3) Fluids for low temperature appli'cations (i.e., cryogenfcs} tend 
to nave poor lfquid transport properties and low kinematic 
viscosity ratios. Therefore, maximum transport fs often achieved 
with large wick areas. 
I 
137 
Ill I ! 
./ 
15 
A.- Circumferential Wick 
I /2" Diameter 1 • Diameter 
Wick Tnic;ktlffs (m) 
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~ Fig. 4-2]. Typical wick area vs. vapor flow optimization ••. Homogeneous Wicks 
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(4) Fluids for hfgh temperature applications (i.e., liquid metals) 
have good liquid transport properties and high kinematic 
viscosity ratios. Therefore, optimum performance is often 
achieved with large vapor flow areas. 
(5) Other design considerations such as evaporator/condenser heat 
transfer, pressure containment and fabrication will often 
influence the design selected resulting in off-optimum 
perfonnance. For example, a large wick area in a cryogenic 
heat pipe may result in an excessive pressure containment 
requirement. 
(b) Axially Grooved Wick Designs 
For applications where high elevation fn gravity is not required and 
high heat transport performance is desirable, the designer may elect 
to use wick designs with large open flow channels as illustrated in 
Ffg. 4-20 d, e, & f. The preceeding discussions for optimum pore size 
detennination, wick area optimization, and effect of wick design on 
thermal conductance also apply to large open flow channel wicks with 
the exception of axially grooved heat pipes. 
The axially grooved wick design differs from other homogeneous wick 
designs in several important areas. The internal wick configuration 
consists of a series of parallel flow channels extruded or swaged as 
an integral part of the tube wall. Each groove is independent of the 
other and does not corm1unicate with the bottom of the heat pipe. The 
groove size, therefore,·fs insensitive to the heat pipe diameter and 
is dependent only on the heat pipe elevation in a body-force field. 
Consequently, larger effective capillary sizes can be used in axially 
grooved designs as compared to other homogeneous wicks; and the per-
fo~nce of an axially grooved heat pipe is only exceeded by the more 
complex and less reliable composite wick structures. The integral 
construction also provides high conductance heat transfer paths to 
the lfquid-vapor interface. Axially grooved heat pipes, therefore, can 
be classified "moderate to high conductance" wick structures. 
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Several factors should be considered by the designer in the develop-
ment and evaluation of an axially grooved design. Axial grooves 
have been successfully produced in a number of materials including 
aluminum, copper, steel and stainless steel. However, the processes 
used (extruding and swaging) are limited by the size and the number of 
grooves that can be produced within a given envelope. Optimization 
with respect to vapor flow losses, therefore, is often impractical and 
the designer must optimize his design around fabrication limits. In 
addition, the axial groove is an open flow channel which is susceptible 
to liquid-vapor interaction at the groove opening. Finally, the open 
flow channel allows the liquid meniscus to recede along the length of 
the heat pipe resulting in a variation in the wick's cross-sectional area 
(~) and permeability (K). 
The designer is referred to the results presented in Ref. ( 4) for an 
in-depth discussion of axially grooved heat pipe designs, the state-
of-the-art of this technology. Extensive analytical modeling for 
predicting the hydrodynamic behavior including effects of fluid 
inventory, meniscus recession, liquid-vapor shear interaction and 
puddle flow effects have been developed in Ref. (6) and are sutrmar1zed 
in Chapter 2. 
Because of their versatility, simplicity of design, reliability, high 
heat transport, and high thennal conductance, axially grooved designs 
have been extensively investigated and developed for aerospace applica-
tions. They have been employed in both fixed conductance and thennal 
control applications including gas controlled variable conductance 
heat pipes (VCHP) (26), diodes (27), and thennal switches {28). 
Table 4-9 sunmarizes the perfonnance of several axially grooved designs 
which have been developed to date. Their geometries are shown in 
Fig. 4-22. 
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TABLE 4-9. TYPICAL AXIALLY GROOVED HEAT PlPE fERfORMANCe 
0-9 HEAT STATIC FILM COEFFICIENT {w/aiZ C) 
TYPE/FLUID TEMP. TRANSPORT CAPABILITY HEIGHT EVAPORATOR COHDENSER ('IC) (w-m) {aa) 
$WACED ALUMINUM 
CAO Geometry 
Amnon1a 295 130"'\ 1.09 7265 9480 
Freon 2i 295 29J , 0.5, 1135 1700 
Freon 23 295 12 
~! 0.46 653 1135 
ATS Geometry r 
Almlonf1 310 145 0.89 5676 8515 
Methane 150 18 0.52 1362 
Nitrogen 80 16 0.30 312 1362 
$WAGED COPPER 
LCHPG GeOllletry 
Vat.r 363 
"·' 
z.a 
SWAG(D- STAINLESS STEEL 
Approx. ATS Geomatry 
_Perfor • anc• Forthco • tng_ 
EXTRUDED ALUMINUM 
ATS Ge01111try 
Anlnonf1 273 143 1.IJ 7000 13600 
Methane 125 33.4 1.1 1730 6100 
Ethane 200 25 1.3 1370 5900 
Lewis Covert Geometry 
A.'mlOn fa 293 143 2.51 7300 20500 
Methane 120 28 2.13 
Ethane 180 33 z.21 
4.4.2.2 Composite Wick Design 
Typical composite wick designs are illustrated in Fig. 4-20. As pointed out earlier, 
a composite wick is one which uses both small and large capillaries in combination to avoid 
the compromise between the requirement for small effective pore radii for high capillary 
pumping and large effective pore radii for high permeability. In the case of arteries or 
annuli (Fig. 4-20 g, j, & 1), the main flow channel is provided by the artery or annulus 
and the pumping is provided by the fJne wire mesh screen which forms the artery or annulus. 
Composite wicks can also be made by combining coarse and fine wire mesh screen as illustra-
ted in Fig. 4-20 h & i, or by covering the axial grooves with a layer of wire mesh screen. 
With respect to an axial groove, composite pumping can also oe achieved by closing-off the 
groove opening. The Lewis Covert Groove (Fig. 4-20 f) is such a groove fonn. 
Most of the considerations which are important for homogeneous wick designs also 
apply to composite wicks. Typical ranges for capillary pumping capability and penneability 
can be obtained from Table 4-8. The effective capillary radius is that of the fine mesh 
wick which forms the flow channel and the effective permeability is that of the channel 
itself. In the case of a wick formed from fine and coarse mesh screen (e.g., composite 
circumferential and composite slab) the permeability of the coarser screen should be used. 
-------------------------- - _,--- - - - ------- -~---
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A. 
(ALUM.) 
D. 
15.88 Swaged Groove Forms 14.6 
11.43 7.94 10.8 6.96 9.4 B. 5.64 C. 8.26 
{COPPER) (STN. STL.) 
n- 0.432 
W: 
Extruded Groove Forms 
7.14R 
-..,--0.9 
!,.-~:;...-rr11-8.74 F. 
12.67 
11.37 
i--~~+-Y- 9.28 
,. 
.. 
Fig. 4-22. Typical axially grooved heat pipe designs (Dimensions in. nm} 
The heat transfer considerations for composite wicks are the same as for homogeneous 
wicks. The effective heat transfer coefficient is controlled by the thickness of the wick 
adjacent to the heat input/output surface. As with homogeneous wicks, secondary wicks are 
often used (Fig. 4-20, Sect. AA & Sect. BB) to minimize the impedance to heat flow in the 
evaporator and condenser regions. Such secondary wicks also affect the overall heat transport 
performance of the heat pipe and can become the limiting factor in composite wick designs. 
Their performance, therefore, should be included in the overall design of a selected wich 
configuration (see Section 4.4.4). 
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The composfte wick differs from homogeneous wfcks in one important aspect--they must 
be primed. The priming process involves saturating the wick with working fluid either during 
initial start-up of the heat pipe or after a dry-out. The requirements for priming are: 
(1) The capillary pumping of the large flow channel must be sufficient 
to fill the wick with working fluid at the particular orientation of 
the heat pipe in a body-force field. 
(2) The heat. load during priming does not exceed the heat transport 
capability of the large flow channel. 
The self-priming requirement, therefore, establishes an upper limit for the size of the large 
~- --·--··---· - - ------•-
flow channels, which is similar to the homogeneous wick. In 0-g, the composite wick will 
. -------· ------ .. -- - -... 
always prime as long as the second condition is not violated. But in a 1-g environment, the 
______________ ,__,;- ~------
large flow channels must have a pumping head at least equal to the height of the wick 
structure. Otherwise, self-priming is impossible in any orientation. 
For an annular type composite wick (Fig. 4-20, j) this requirement translates to: 
(4-24) 
where 
omax • the maximum permissible gap 
o1 • the internal heat pipe diameter 
For a pedestal artery (Fig. 4-20 g),the maximum artery diameter is gfven by: 
0 • l (✓ h2 + !.£... - h\ 
max 2 Pz. g )" (4-25) 
where 
h • the height of the pedestal 
The maximum theoretical pumping capability of a composite wick can only be realized 
if the wick is completely filled with liquid. During a partial fill condition, a liquid-
vapor interface is located inside the large flow channel. The capillary pumping is thus 
reduced to a value which corresponds to the effective pore radius of the ·1arge flow channel. 
---, ----~·-· -, --
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This effect is illustrated in Fig. 4-23 for an arterial wick. In Fig. 4-23a, the artery 
is completely filled with the liquid-vapor interface located in the fine screen, and the 
maximum capillary pumping corresponds to the pore radius of the screen. In Fig. 4-23b 
the artery is filled except_for a small bubble. The effective pumping radius is now the 
radius of the bubble. In Fig. 4-23c the bubble has reached its maximum diameter and the 
effective pumping radius is that of the artery. 
a} Filled Artery b) Small Bubble 
· in Artery 
Fig. 4-23. Liquid-vapor interface in arteries 
c} Maximum Radius 
Bubble in Artery 
It should be emphasized that the effect of incomplete filling {bubbles) in a composite 
wick is much more severe than in a homogeneous wick. In the latter, internal voids simply 
reduce the available liquid flow area but do not affect the capillary pumping. In the 
composite wick, voids or bubble~ will reduce the capillary pumping to a value equal to that 
of the large flow channel. Incomplete filling can be the result of: 
(1) An insufficient amount of working fluid 
(2) Nucleation within the composite wick due to excessive local heat fluxes 
(3} Entrapment of non-condensible gases. 
The formation and stability of voids in composite wicks is not fully understood. Experience 
has shown that wick~ consisting of dJfferent mesh size screens are less susceptible to the 
fonnation of voids than those with wide open flow channels such as arteries and annuli. 
Imperfections in the pumping wick have the same general effect as incomplete filling. 
The maximum interfacial pressure which the wick can sustain is determined by the largest 
opening in the pumping wick. Since the maximum interfacial pressure difference exists at 
the evaporator, imperfections in that region are most damaging to the performance. Close 
quality control during fabrication of composite wick heat pipes is therefore very important 
and adds to their cost. Whenever possible, a hydrostatic pressure test should be conducted on 
the completed wick in order to locate and repair any imperfections. 
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The unreliable aspects of wick priming have been evaluated by a number of investiga-
tors and various techniques to enhance priming have been proposed. 
Investigatio~s conducted by Saaski (27) indicate that gas levels in the 10 to 100 
parts per million range are sufficient to prevent reliable priming due to blockage by 
non-condensible gases. Saaski also demonstrated both theoretically and experimentally that 
the collapse of arterial gas bubble by diffusion, which depends on bubble size and particular 
conditions, usually takes a long time--often as long as days. Also, it has been demonstrated 
that under load, conditions can prevail which will cause the expansion of the gas bubbles. 
Since in practice it is difficult and costly to produce heat pipes with low gas contents 
and since the introduction of non-condensible gases is necessary in gas controlled variable 
conductance applications, various priming techniques have been proposed and investigated. 
4.4.3 Methods for Priming Composite Wicks 
A number of methods for the priming composite wicks have been developed. Pressure 
priming (Clapeyron priming) (23), Meniscus Coalescence (24), and the Jet Pump Assist (25) 
are discussed in the next sections. 
4.4.3.1 Pressure {Clapeyron) Priming 
Although the nonnal diffusion of non-condensible gas occlusions has been demonstrated 
as being unsatisfactory to achieve reliable priming of composite wicks. investigations 
conducted ?Y Saaski indicate that sub-cooling of the condensate can significantly accelerate 
the loss of non-condensible gas by compressing the gas via the Clapeyron or pressure priming 
effect. A typical wick design suitable for pressure priming is illustrated in Ffg. 4-24. 
It consists of several layers of fine capillary passages wrapped around a large flow channel 
(tunnel) wick. The fine capillary passages are sized to self-prime by surface tension even 
if the tunnel wick is completely drained of liquid. The wick structure is located in the 
center of the heat pipe envelope and webs are used to connect it with a secondary wick which 
lines the container wall. When heat is applied to the evaporator, the temperature in the 
tunnel wick is detennined by the temperature of the enclosing ltqutd.contai:ned fa.the ftne 
capillary passages. Since the liquid leaves the condenser at a su6-cooled temperature 
relative to the main vapor temperature, the saturation pressure within the tunnel wick is 
less than the pressure in the main vapor space. This pressure difference can be expressed 
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by the Clausius-Clapeyron equation which relates temperature and pressure along tne 
saturation line. 
(4-26) 
where 
Tv • Saturation temperature in vapor space 
A • Latent heat 
R • Gas constant 
Tv,b • Saturation temperature in the inclusion 
The pressure differential will cause the collapse of any vapor bubbles within the wicks 
causing toe tunnel to be completely filled with liquid or it will compress any non-
condensible gas which can significantly accelerate the collapse of the gas inclusion by 
diffusion. Pressure priming can also provide the necessary driving potential to prime 
large flow passages which would nonnally be unable to self-prime in gravity by surface 
tension. The degree of pressure priming that can be achieved fs dependent on the amount 
~ -- of liquid sub-cooling in the condenser and the temperature difference which can be 
maintained across the wicks. To maintain t~e high temperature difference across the wick, 
multiple wraps of fine capillary passages are placed around the tunnel to achieve a· high 
impedance to heat f1ow'. The amount of sub-cooling achieved is dependent on conditions in 
the condenser. Since heat pipes are typically high conductance devices, significant 
sub-cooling is not achieved unless significant heat loads are applied. High heat load 
applications, howeve~. cannot be satisfied until the wick is fully primed. To develop 
the substantial pressure differential to insure practical pressure priming, heat pipe 
de.signs with augmented cooling have ~een investigated (23). As illustrated in Fig. 4-24, 
sub-cooling can be achieved by bringing the returning condensate into contact with a 
secondary heat sink. The vapor phase flow is isolated from this region to insure 
maximum heat sinking of the liquid. 
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fi.g. 4-24, Subcooling section in a pressure-primed wick {23) 
4.4.3.2 Meniscus Coalescence 
Inclusions are often trapped in a composite wick because the fine capillary structure 
which forms the larger flow passages will wet or glaze more rapidly than the large flow 
passages can self-prime. This glazing effect prevents any inclusions from venting and the 
large flow passages cannot fully self-prime. A method of circumventing the glazing effect 
is to insert a thin foil into the evaporator end of the wick. This foil contains a pattern 
of holes to permit venting of gas. If the foil is sized so thin that the menisci coalesce 
on either side of a liquid plugging the holes {see Fig. 4-25), then the liquid cannot plug 
the holes in the foil and venting is unimpeded during the priming of the wick (24). The 
maximum hole size in the priming foil is determined by the capillary pumping required to 
meet the desired heat pipe perfonnance. This hole diameter in combination with the foil 
thickness and the diameter of the large flow channel determines the stress level required to 
achieve meniscus coalescense. Analytical investigations based on the governing equations 
defined in Fig. 4-25 (24) indicate that the stress level required to achieve meniscus 
coalescence can be expressed as follows: 
(4-27} 
( 1 -26) ( 1 -✓l - o2p ) + 26 2 
147 
Ill I' 
... ,/ 
where: 
S • (Pvs - Pe)/(4 cr cos l/Oa) 
~P • op cos l/Oa 
! • o cos l/Oa 
D • Hole diameter in the priming foil p 
Da • Diameter of the artery 
& • Foil thickness 
, • Wetting angle 
a • Surface tension 
The smallest critical pore diameter ~P for which menisci coalescence will occur is given 
in Fig. 4-25 for given values of foil thickness! and stress (!). Note that the above 
mentioned parameters are dimensionless and that the stress varies from zero to unit. At 
a value S • 0, the hole is flooded. In 1-g, this corresponds to the hole just at the 
surface of a liquid pool. Negative values of S correspond to the hole being submerged, 
and hence theoretical1y no venting should occur. A value ! • l corresponds to the 
maxi~um stress that the failed open artery can sustain. Thus if a bubble is entrapped 
and the _stress must be increased greater than S • 1 for menisci coalescence to occur, when 
it does occur, the artery will empty of liquid rather than prime. 
The value of S governs the curvature of the meniscus on the outside of the potential 
liquid plug in the hole. Thus, for S • 0 the meniscus is flat, and for S • 1 the meniscus 
has the same radius of curvature as the inner meniscus. As a result, fur a given hole 
size ~p• the required foil thickness for coalescence at S • 0 is one-half that for S • 1, 
which is also apparent in Ffg. 4-26." 
I 
Several experiments have been conducted to test the theory of menisci coalescence 
including visual experiments (24), zero gravity tests of two research heat pipes on the 
sounding-rocket rntemational Heat Pipe Experiment (29), working heat pipes used fo~ the 
Co1T111unications Technology Satellite (30), and a TRW Spacecraft as well as a priming study 
conducted with a glass heat pipe {31). Results to date indicate good agreement between 
priming stress factors determined experimentally and the preceding theory. Experience so 
far indicates that successful priming can be achieved under most but not all conditions. 
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Entrapment fn the condenser zone is one condition under which venting of a non-condensible 
gas inclusion cannot be accorm1odated since the condenser end does not have a priming foil. 
Experiments were conducted with a glass heat pipe (30) to establish the ability to drive 
the bubble to the evaporator. 
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Fig. 4-25. Menisci coalescence for arterial venting (24) 
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Fig. 4-26. Minimum pore diameter 'D'P vs. stress! with the foil 
thickness as a parameter (24) · 
Several runs were made for various heat loads and initial bubble sizes and locations. 
The results indicate that bubble convection was impossible at heat loads and evaporator 
elevations low enough for priming. Bubbles were observed to convect at heat loads greater 
than for priming; however. when the bubbles entered the priming foil and vented, the artery 
would empty of liquid. 
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As a consequence of these results, for actual neat pipe operatfon any arterfal 
bubble that might exist would have to be cleared by applying a heat load in excess of the 
critical priming load, but below the maximum open artery load. Then the load is reduced 
sufficiently for priming. Another approach is to ignore the existence of any arterial 
bubble. If a bubble did exist, a burnout would result the first time the heat load was 
increased above the open artery capac,ity. Powering down below the critical priming load 
would result in successful priming because any bubbles would be convected to the evaporator 
end. 
4.4.3.3 Jet Pump Assist 
The suction created by a venturi can be utilized to displace and vent vapor or gas 
inclusions entrapped in a composite wick. Arterial heat pipe designs employing jet pump 
assist have been investigated by Bienert (25). Reliable operation both with and without a 
non-condensible gas has been demonstrated with prototype hardware. The concept of the jet 
pump assisted arterial heat pipe is shown in Fig. 4-27. The jet pump assembly consists of 
a venturi which separates the vapor in the evaporator from the vapor in the condenser, an 
injection port at the throat of the venturi, and a suction lfne which connects the artery 
with the injection port. During operation. the vapor flowing toward the condenser has to 
pass through the venturi, and its pressure drops below the saturation pressure in the 
evaporator. The lowest pressure exists at the throat; most of the pressure drop is 
recovered in the diverging section of the venturi. Since the artery is connected to the 
throat, its interior is exposed to the same reduced pressures and vapor and/or gas are 
pumped from the artery. At the same time, the reduced pressure forces liquid from the 
condenser into the artery. The pressure difference available for priming is a function of 
the vapor flow rate (which is synonymous with the heat load) and of the constriction 
provided by the venturi. Since the jet pump needs a finite vapor flow to generate a 
pressure difference, the artery must be paralleled by a priming wick. The purpose of this 
pr1m1ng wick is to supply liquid to the evaporator before the artery is substantially 
primed. Sometimes the permeability of the screen from which the artery is fanned suffices 
for this purpose. Occasionally, however, a more suostantfal priming wick is required. 
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F1g. 4-27. Schematic of jet pump assisted arterial heat pipe(25) 
t 
The advantages of the jet pump assist neat pfpe are: 
(1) No limitations on the artery size since self-priming by surface 
tension in gravity is not required. 
(2) Permits continuous venting of non-condensibles, not only during 
priming, but as long as vapor flows toward the condenser. 
(3) Repriming of the heat pipe can be achieved at a significant 
fraction of its maximum capacity. 
{4) The jet pump assist heat pipe provides stable operation at partially 
primed conditions. 
Some of the disadvantages of the jet pump assist heat pipe are: 
(1) Cost and complexity. 
(2) Prescribed location of the evaporator/condenser region. 
(3} Pressure losses across the venturi which can significantly reduce 
the performance that can be achieved by capi"llary pumping. 
(4) The need for substantial pumping by the primary wick to provide 
the necessary priming potential. 
4.4.4 Typical Secondary Wick Designs 
Secondary wicks are often used in heat pipes to minimize temperature drops at the 
evaporator and condenser. Such wicks, however, can often significantly affect the perfor-
mance of the heat pipe especially if they are used in combination with composite wicks. 
The performance characteristics of secondary wicks, therefore, should be included in the 
overall evaluation of a heat pipe design. 
Figure 4-28 illustrates a typical secondary wick arrangement. Four equally spaced 
interconnecting bridges are used in the evaporator and condenser sections to interface the 
centrally located primary wick with the circumferential screw thread grooves on the 
container wall. 
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Bridge 
Thread 
Fig. 4-28. Schematic of a typical secondary wick 
In the evaluation of the overall perfonnance of the heat pipe, the hydrodynamic flow 
and capillary pumping through the individual wick elements must be considered. Each component 
of the wick system has a characteristic permeability and an effective pumping radius which 
determine its hydrodynamic heat transport capability. It is seen that the heat transport 
capability depends on the wick properties as follows: 
. -
( -L - -L) r , r Pl P2 .(4-28} 
The above equation fs in a form which has the appearance of Ohm's law for d.c. 
circuits and is readily interpreted in terms of a network element resistor of resistance 
"f1., thro~gh which a current Q passes because of the potential difference (f- -f-) 
pl p2 
The resistance model of the heat pipe's wick system is shown in Fig. 4-29. 
1 
rpo Evaporator rpl Bridge 
Grooves 
1 
r 2 Main p Wick Bridge Condenser Grooves 
Fig. 4-29. Resistance model for a heat pipe's wick system 
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The total resi~tance R of the heat pfpe can be expressed as: 
R•L +R._ +R +L +L 
-"T,e -"B,e w -"B,c -"T,c (4-29) 
In the evaporator, RB,e is the equivalent resistance of N8 bridges which can be represented 
as a system of NB,e resistance in parallel. 
where 
_l_ 
~.1 
- ½5.1 
Ra,1 'B,1. ~.1 
Since bridges are typically equal resistance paths, then 
Similarly in the condenser R8 is given oy: ,c 
~.c • 
(4-30} 
(4-31) 
(4-32) 
(4-33} 
In the secondary wick region included between two bridges, heat can flow toward either 
bridge and the resistance of the region is equivalent to a system of two resistances in 
parallel. The resistance of each element can be expressed by: 
(4-34} 
where for a threaded secondary wick geometry 
c8 • the distance between the two bridges 
Ar • the cross-section area of the secondary wick 
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The equivalent resistance of the secondary wicR in the evaporator is represented 
by a system of 2N8 resistances RT in parallel and is given 6y: 
R.r,e ~ • ~B • 
,e 
CB,e (4-35) 
Similarly, the equivalent resistance of the secondary wick in tne condenser is 
expressed by: 
(4-36) 
The resistance of the main wick is given as: 
(4-37} 
where 
L • l L + L + l L eff 2 e · a 2 c 
The heat transport capability of the heat pipe ts defined by the simultaneous 
solution of .the system of individual transport equations. As illustrated in the wick 
system s~h~matic in Fig. 4-29, the pumping radii of the various wick elements are equal 
at conmon interfaces. Additionally. these radii adjust to provide uniform heat transport 
across each element within the system, therefore: 
2~ ( r~0 r~i) NB ( r1- - r:2 ) ..l. ( r1- - r~J Q-~ ~ R Pl w P2 
( r~3 - rJ ( r:4 - rJ (4-38) NB 2N~ -~ -~ 
If the maximum heat transport of the wick system requires a pumping radius at the 
bridge interface (rp1) which is greater than the pore radius of the fine mesh screen used 
for the bridges and the main wick envelope, the secondary wick is limiting. If the 
secondary wick is capable of providing the maximum heat pipe transport with a value of 
(rp1) which is less than the fine mesh pore radius, the main wick is limiting. 
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4.4.5 Thennal Conductance 
As fndicated above, thermal conductance is an fmportant factor fr,_ tlie selectfon of 
a wick design. The third column 1n Table 4-9 rates the v~rious wicks in terms of thermal 
conductance. The primary concern is the heat transfer at the evaporator and condenser 
since the temperature drop within the vapor is usually negligible. The thermal conductance 
is not only a property of the wick but also depends directly on the thennal conductivity 
of the working fluid. With respect to their conductivity, all fluids can be divided into 
two groups--non-conducting fluids and liquid metals. The range of thennal conductivities 
for both groups is: 
Low Conductivity Fluids: 0.1 - 0.7 W/m-°K {0.06 - 0.04 Btu/Hr-Ft-°F) 
Liquid Metals 10 - 200 W/m-°K (5.8 - 115 Btu/Hr-Ft-°F) 
Because the difference in thennal conductivities between low conductivity fluids and liquid 
metals is more than an order of magnitude, different considerations apply to the two groups. 
In liquid metal heat pipes, one is seldom concerned with the conductance of the wick itself 
since the high conductivity of the fluid provides for high heat transfer coefficients even 
for fairly thick layers of wick. But for heat pipes containing low conductivity fluids, 
the effective conductance is strongly dependent on the wick design. 
A simplified model for the heat transfer process at the evaporator and the condenser 
assumes·t~at heat is conducted through the heat pipe wall and through the wick/liquid matrix 
to the liquid-vapor interface where evaporation occurs. More complex models, such as the 
recession of the liquid-vapor interface into the wick and/or nucleate boiling within the 
wick, have been proposed but are not sufficiently reffned to be used for design purposes. 
The conduction model can be used to calculate an effective heat transfer coefficient 
at the evaporator and condenser which is, (excluding the contribution of the wall): 
where 
keff h1nt • t 
keff • The effective thernial conductivity of tne wick liquid matrix 
tw • Wick thickness 
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From Eq. 4-39 it is evident tnat high conductance can on1y 6e achieved if the thickness of 
the wick adjacent to the evaporation and condensation surfaces is kept at a minimum. This 
requirement has 1ed to the development of "high conductance" wick structures in which the main 
transport wick is removed from the wa11 and on1y a thin secondary wick is used for circumferen-
tial distribution of the working fluid. Examples of such high conductance wicks are: the· 
porous slab and the arterial wick. in both the conventional and the composite configuration. 
The effective thennal conductivity of the wick/liquid matrix is bracketed by the 
series and the parallel path conduction models (Section 2.8} which is repeated here for 
easy reference: 
(Series Paths} (4-40) 
(Parallel Paths) (4-41) 
.As a general rule. the series path conduction model will apply for wicks which are on1y 
in mechanical contact; e.g •• wraps of screen, packed particles. fibers, or spheres. Sintered 
wicks, on the other hand, will have an effective conductivity which is better approximated 
using the parallel path model. Typical heat transfer coefficients for heat pipes containing 
non-conduction working fluids are sU11111arized in Table 4-10. 
The ,effective conductance of grooves. which are integral parts of the heat pipe 
envelope, are not described by either of the above models. 
For axial grooves. Kamotani (32) suggests the following: 
N "1 · 
h •~ 
e ~11' "'v I<,, 0 
.0701 + ~tf 
"1 0 
.0221 + K -
. ·-w tf 
(Evaporator) 
(Condenser) 
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(4-42) 
(4-43) 
where: 
~ • Liquid thennal conductivity 
Kw • Thennal conductivity of pipe wall 
N • Number of grooves 
~ • Groove depth 
tf • Average land thickness 
TABLE 4-10. TYPICAL HEAT TRANSFER COEFFICIENTS FOR HEAT PIPES 
Wall Material/Type 
Heat Transfer Coefficients 
Comments 
W/m2-°K Btu/Hr-FtZ_oF 
Aluminum 173,000 100,000 -3 0. 89 x 10 m (0. 035 in) 
wall 
8. 
0 
-3 41 Copper 440,000 250,000 > 0. 89 x 10 m (0. 035 in) C: wall ~ 
8. 
s: 
-3 
-
Stainless 316 24,000 14,000 0. 89 x 10 m (0. 035 in) 
Cl wall qi 
-
Molybdenum 154,000 89,000 -3 o. 89 x 10 m (0. 035 in) 
wall 
10-3m (0. 040 in) 
Multilayer Screen 600-1000 100-170 Thick SST Wick -
Nao-Conducting Fluid 
2. 25 x 10-3m (0. 09 in) 
Sintered Wick 4700-6700 830-1180 Circular Wick - Water 
Ill (10) 
.:,: 
~ 
~ Secondary Wick 200 Mesh Screen 
(Slngle Layer) 3000-9000 350-1600 Non-Conducting Fluid 
Grooves 3000-15000 500-2500 Aluminum Wall 20-200 Grooves/inch 
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4.4.6 Wick Fabrication 
One final important criterion (last column, Table 4-7) for selecting a wick is its 
fabricability and the corresponding cost to manufacture •. This criterion is highly subjective 
since its importance depends a great deal on the application. For example, in a heat pipe 
which is intended to protect a vital component of an expensive spacecraft, cost will be of 
secondary importance when judged against perfonnance and reliability. On the other hand, 
heat pipes which are designed for mass production must contain wicks which can be manufactured 
at low cost. 
As a general rule, those wicks which are simple to install and do not require precise 
process control to manufacture are usually the least expensive. Multiple wraps of screen, 
layers of fibrous material, or slabs of porous material fall into this category. Wicks 
which are individually assembled such as arteries, annuli, etc., are high cost wicks. Sintered 
wicks are medium cost wicks, and their cost will depend to a large extent on the available 
process. They are expensive in small quantities but can be much less expensive when mass 
produced. The cost of grooved tubing is detennined by the material and the groove geometry. 
Grooves can be extruded or swaged rather inexpensively in aluminum, copper and other ductile 
materials. Grooved aluminum tubing is moderately expensive in small quantities because of 
prorated die costs, while in large quantities it can be produced inexpensively. 
For axially grooved tubing, experience to date indicates that the extrusion process 
is the best method for producing aluminum tubing. Well defined groove fonns and good dimen-
sional control have been achieved. Mounting flanges can be extruded as an integral part of 
the tubing which can simplify interfacing in many applications. In addition~ the ability to 
produce complex groove fonns has been demonstrated by the NASA Lewis Covert Groove extrusion 
which should lead to higher performance and greatly reduce sensitivity to 1-g testing. For 
the intermediate to high temperature.range, however, axially grooved tubing of materials such 
as copper and its alloys, stainless steel, carbon steels and super alloys are required, and 
the swaging process is the only known process which can effectively be used today to produce 
axially grooved tubing in these materials on a cost effective basis. 
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4.5 CONTAINER DESIGN 
The heat pipe container is a leak tight enclosure which isolates the working fluid 
from the outside environment, mechanically retains tne wick structure in position and 
provides the necessary interface with the heat source and heat sink. A variety of shapes, 
sizes, and configurations have been developed for dtfferent applications including flat plates, 
rectangular shapes, conical and annular geometries. The tubular geometry made of tubing or 
pipe materials is the most colTITlon configuration employed in neat pipe designs and the 
following section addresses itself primarily to this cross-section. The design considerations 
discussed,. however, are basic and can be applied to the design of any shape or geometry. The 
basic container design considerations are as follows: 
(1) Structural integrity and le~k tight conutnment of the worKing flutd 
(2) Compatibility wtth the working fluid and the external environment 
(3) External interfacing with the heat source(s) and heat sink(s) 
(4) Internal size and geometry suitable for liquid and vapor flow requirement 
(5) Fabrication considerations including machining, fanning, cleaning, 
walding and charging 
(6) Heat transfer consideration as it applies to the external interface, 
conduction through the container wall and tfie evaporator/condensation 
processes within the heat pipe 
. 
The size and internal geometry of the container is dependent on the requirements of 
the selected wick structure, the vapor flow area requirement, neat transfer considerations, 
external interface requirements and leak tight pressure containment of tne working fluids. 
Design considerations with respect to container material selection, pressure retention 
and external interface are discussed in the next secttons. 
4.5. 1 Materi~1 Selection 
The material selected for the construction of the heat pfpe container must be 
compatible with the working fluid and the external environment. In addition, the material 
must provide sufficient strength for the retention of the vapor pressure, good thermal 
conductivity and it must provide satisfactory fabrication properties, 
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Since leak tight pressure retention of the working fluid is paramount to reliable, 
long-tenn operation of the heat pipe, the material selected must provide adequate strength, 
it must be non-porous to prevent diffusion of gases or working fluid vapor and ft must be 
easily sealed. The strength properties of typical heat pipe container materials are 
sunmarized in Fig. 4-30 (33). Joining (welding, crazing, etc.) characteristics are su11111arized 
in Table 4-11. For applications where the container must retain substantial internal 
pressure and where personnel safety is critical. such as heat pipes shipped via conm~rcial 
carriers, it is reconrnended (34} that the ASME Boiler and Pressure Vessel Code, 1965 (35) 
be the principal source of material properties and allowable stresses for use in the structural 
analysis and design of heat pipes. Additional infonnation can be obtained from sources such 
as MIL-HCBK-5B (36} the American Society Metals Handbook (37) and the Mechanical Engineers' 
Handbook (38}. 
The ASME code specifies that the maximum allowable stress at any temperature be one-
quarter of the material's ultimate tensile strength Ftu' at that temperature. Material 
properties and allowable stresses for the two most conrnonly used heat pipe materials (E061-T6 
aluminum alloy and 304 stainless steel) are given in Table 4-12. These values were excerpted 
from the ASME Code; similar tables can be constructed for other ductile materials listed in 
MIL-HCBK-5B for military or aerospace applications. For reference purposes, maximum allowable 
stresses as a function of temperature for various materjals are given in Fig. 4-30. 
Al~owable stresses for welded tubing are also given in Table 4-12. The ASME Code 
specifies that welds of the type which would be used on heat pipes shall be double-welded 
(1.e., both sides), fully radiographed butt joints. The allowable stresses in Table 4-12 
refer to this type of weld. The code pennits the use of single-welded, fully radiographed 
butt joints if they can be shown to be of the same quality as the double-welded joints. 
Since the quality of single-welded joints in thinner gauge materials can be shown to have 
the same quality as the double-welded (and since double welding is completely impractical 
on small-diameter tubes), single-welded, fully radiographed butt joints dfscussed in 
Section 4.5.2.3 are considered to have a strength equal to that of a double-welded jotnt. 
Nonnally, the temperature drop through a heat pipe wall is negligible even if Tow 
conductivity materials are used because the conductance path (wall thickness} is often very 
small. However, if thick walls are required for pressure retention and if the application 
consists of concentrated local heat loads, a high thermal conductivity material may be 
162 
.... 80 VI 
C. 
~ 
-V) 
V) 
w 
« 
I-
V) 
LI.J 
....I ... 
.... 
°' 
V) 40 w z 
w 
I-
LI.J . I-
~ 
.... 
I-
....I 
=> 
Fi.g. 4-30. 
l000 1500 2000 2500 
TEMPERATURE, 0 R 
Ultimate tensile stbength of several 
solid materials. (1 R=0.5556 °K. 
1 kpsi = 6.895 x 1o6 N/m2). (33) 
\ 
"· ••' 
10-• 
I 
J 
• ! 
• ~;- -
N 
~ 
lit-
....... 
N 
u 
10-
• . J_ I _.. 
r-·1----•~-l l vvl 1-'.'.V., I I J 
I ,.-V; vf i., ' ,...,.-I L,; I I • iv 
• ~ -~ - •-n I 
- -
-,- '~,-. GI Ir .,-,-. 
.... v -r-r -,-- ,---.,. • 
Q~ • • 
-
l 
« 
w 
I- J 
w 
! 
c:c 
a. 
10 • 
• I 
I 
I- • :I: 
<.!J • 
.... • w 
3 l 
J 
O' 
0 
Fig. 4-31. 
~ 
"" 
,, ,, 
- ' 
... 
" - !. 
- . .-,..i.-
C" ,...,.- [""'-i--i,.-1' ... ,...., 
' I,' -1•.,..~ .,,-::: i--rC ~ 1-'~4~ -~--,.. .... ~ F'"i--
.,...-
---~ i rr -r-- -,... ,, Ni I/ "";::: -~ r;:. .... 
::::-- ~ 
... -:...-
-· 
,,- _.--
~~ --
~f . r ·- ,...,..... ,-, r:.tt.: ,-.- ' - - r- .. - r- r ,......._ 
' ·r- -..- •- - --,- ,-.t -~ - --
~ -
·- - - ~~ - - ,- - - .-J 
- -
-- ·-
--· 
-t- r .. r--1- -
1iOO 750 1000 1250 1500 1150 
TEMPERATURE, 0 R 
Material weight parameter versus temperature 
for severa 1 heat pipe ma teria 1 s ( 1 sec2 / ft2 = 
10.76 sec2/ml-. l OR= 0.5556°K) (33) 
) 
TABLE 4-11. CONTAINER MATERIAL FABRICATION PROPERTIES 
MATERIAL MACH I NAB IL ITV WELDING JOINING FORMING 
6063 Alumim.an Good Good Poor Good 
.... 6061 Aluminum Good Good Poor Good 
en 
... 
304 Stainless Steel Fair Good Good Poor 
316 Stainless Steel Fair Good Good Poor 
A-178 Carbon Steel Good Good Good Fair 
Copper (.C0A-101) Fair Good Good Fair/Good 
.... 
°' U'I 
.- ... 
TABLE 4-12. MAXIMUM ALLOWABLE STRESSES (34) 
Ultimate tensile Tensile yield Maximum allowable stress 
styength, F w strength, Ftr 
at temperature, ksl Modulus of Coefficient of 
Aluminum drawi: at lOO"F al lOO•F l00"F 150"F 200"},' 400•F eluticUy,E thermal expansion 
tube (se11.mless) 
42 ksl 35 ksi 10.5 10. 2 6 -6 in. • 6061 -T6 9.9 - 10. Sxl0 p11i 13.0xl0 ~
. b (14)d • 6061 -Tli welded 2-l 6.0 5.9 5.7 -
• 606:1 -T6 33 28 8.25 7.8 7,5 -
• 6063 -T6 weldedb 17 (ll)d 4,25 4. 20 4.0 
-
Aluminum seamlejs pipe 
and extruded tulle 
• 6061 -T6 38kal 35 ksl 9.li 9.2 9.0 10. 5xl06 pal -6 In. - 13. 0xl0 "F 
• 6061 -T6 weldedb 24 (14)d 6,0 5.9 5,7 -
• 606:1-T& 30 25 7,li 7,1 6.8 -
• 606:J -T6 weldedb 17 (ll)d 4.25 4,2 -t.0 
-
lligh alloy steel° seam-
less pt11e a~ tube 
• TP 3().1 (111-8) 15 lull 35 18.75 17.85 17.00 15,45 29x106 pal 8,lixl0 -~;n· 
• TP 30·1L (18-8) 70 35 17,50 17.25 17,00 15.00 
aExcerpted from Table UNF-23 of Section VJD, ASIIE Unfired Pressure Vessels frc{. 22) 
b These aHowables apply to dowlod welded. fully radlographed butt Joints as _per the ASME code, Refer to discussion In materials s,ectlon. 
0 Exccrpted from Table UIIA-23 of Section vm 
dt'rom reference 29 
) 
preferred. Fig. 4-32 surmiarizes typical thermal conductivities of various metaTs as a 
function of temperature. Note that the thermal conductivity of various metals is affected 
differently by temperature and that the most significant change in properties occurs in 
the cryogenic temperature range. Other material properties such as weight to strength 
ratio (weight parameter) and density are given in Figs. 4-31 and 4-34, respectively. 
Fabrication of the container must be considered in the selection of the materials. 
Joining (welding, brazing, etc.), machining, forming, extruding, sintering, and cleaning are 
typical processes employed in the manufacturing of the heat pipe. The relative workability 
of typical heat pipe container materials is given in Table 4-11. For certain heat pipe 
designs, such as axially grooved tubing, fabrication is the dominant factor affecting the 
performance that can be realized. The extrusion process is typically used to form axial 
grooves in aluminum alloys and swaging has been successfully employed in forming grooves 
in aluminum alloys, copper and its alloys, stainless steels, carbon steels and super alloys. 
4.5.2 Structural Considerations 
The primary structural considerations which must be evaluated in the heat pipe 
container design are its ability to withstand internal pressure and temperature, and 
external (induced) loads. The internal pressure of the heat pipe is dependent on the 
maximum temperature during processing, handling, storage, shipping, or during its opera-
tional lifetime. This maximum temperature also detennines the strength of the container 
material. In addition to the stresses associated with the internal pressure, the heat 
pipe may also be subjected to externally induced environmental loads including pressure 
loads, acceleration, vibration and shock. The externally induced loads can occur during 
shipment, handling, and operation or may be caused by such factors as differential 
expansion loads due to mounting restraints within the system. From the structural analysis 
view point, the externally induced loads are equivalent to axial and bending stresses 
which the heat pipe must be able to sustain in combination with internally induced pressure 
loads. 
A comprehen_s1ve analysis by a cognizant- stress engineer should be perfonned to. 
insure proper heat pipe structural design. Methods which can be applied to the preliminary 
structural design of heat pipes have been developed in the "Heat Pipe Manufacturing Study" 
(34). Recommended structural analysis procedures applicable to strength calculations for 
heat pipes developed in this study are sulTITlarized in the following sections. 
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4.5.2.l Pressure Containment 
As a ground rule, the design approach for tubes subject to internal pressurization 
follows that of the ASME Boiler and Pressure Vessel Code, 1965 - Section VIII, "Unfired 
Pressure Vessels" (35). The code is recommended as a design guide on the basis of its 
general acceptance in commercial and governmental areas of pressure vessel application. 
As per this reference, a factor of safety of 4 on ultimate strength is used. 
Although some NASA criteria do specify lower factors of safety, it is recorrm~n~ed that the 
higher safety factor be used because of certain heat pipe characteristics which are 
different from the usual aerospace structures. First, heat pipes are handled and trans-
ported in the charged condition, and Federal regulations (39, 40) require that pressurized 
container shipped by conmercial transportation conform to the ASME Code. Second, heat 
pipes are generally not "high technology" items and consequently, extensive structural 
analysis, design verification testing, and manufacturing quality assurance are not per-
formed, as is the case with the typical aerospace structure. The ASME code also provides 
a method for experimentally detennining the allowable operating pressure when the strength 
is difficult to calculate (as, for example, pinched-off fill tubes). 
4.5.2.2 Tubular Container Design 
The ASME Pressure vessel code limits the maximum operating pressure in a vessel to 
the pres~ure at which the most critical part reaches one quarter of the material 1 s ultimate 
tensile strength, Ftu· The vessel can have different operating pressures at different 
temperatures. Each vessel must also be tested (proof pressure) to 1.5 times this maximum 
operating pressure without observable defonnation or leaks. rn addition, the code lists 
formulae for use in calculating allowable pressures and stresses. These relations are 
modifications to the thick-walled (Lame) solution for cylinders and spheres (41 ). The 
thick-walled solutions are listed in iable 4-13, and then reduced to the simplified thin-
walled formulae which are sufficiently accurate for the geometries usually encountered in 
heat pipes. although they are somewhat different than those listed in the code. rn these 
equations, the dimensions resulting fn the minimum net section should be used including 
allowances for corrosion, threading or grooving and manufacturing tolerances. Figure 4-35 
contains typical container design requirements for 6061 and 6063 aluminum and 304 stainless 
steel based on the hoop stress. Allowances for corrosion, threading, grooving and 
manufacturing tolerances are not included in these curves. The curves can be used to quickly 
determine required tube size when the maximum operating pressure is known. 
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TABLE 4-13. HOOP AND AXIAL STRESSES 
Internal Pressure Hoop Stress 
!hoop"" p(R~ + R~)/!R~ - R~) 
max 
I• 1/2 Ci½+ 1½_) 
t • 1i - 1i 
Internal Pressure Axial Stress 
pR 
I •-1xial 2t 
Transition Section 
(Thick-walled cylinder) 
(Thin-walled cylinder) 
(R.2/1½_ < 1.25) 
(Thin-walled cylinder) 
The hoop and axial stresses due to internal pressures in a thin-
walled conical shell (e.g., a reducer) are given by the relations: 
:_ K: ___ ~_ ---
~ 
fhoop • pA/t cos f 
I a,dal • pR /2t COi f 
Stress Due to Bends in a Tube 
(Conical shell) 
Between 10% of the yield and 20% of the ultimate strength 
Stress Due to End Caps 
MAXIMUM BENDING STRESSES 
l:::::J:, CYLINDER ATTACHED TO A HEMISPHERE 0.03 pR/2t 
c::::J) CYLINDER ATTACHED TO A 2/1 ELLIPSE 1.18 pAf2t 
t::::J O RIGID ENO CAP 3. 10 pRf2t 
170 
(4-44) 
(4-45) 
(4-46.) 
(4-47) 
(4-48) 
{4-49) 
{4-50) 
(4-51) 
Fig. 4-35. Heat pipe envelope design curves (34) 
In addttfon to the familiar hoop stress and axial stress. various localized axial 
stresses due to bends, end caps, saddles, restrained thermal expansion and dynamic (vibra-
tion) loading should be included in the structural analysis. Table 4-14 sUJ1111arizes the 
various stress combinations that must be checked to determine the maximum operating stress 
in a heat pipe. The checkmarks in each column indicate the stresses that are additive for 
a particular situation. Although the major contributors are given, the Table is not all 
inclusive and-it is conceivable that other combinations can occur that are not listed. 
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TABLE 4-14. STRESS CHECKLIST (34) 
Reference Possible stress coml>in:itions 
StTess section Design crlteTl:i 
Hoop 5, 2,4. l ✓ • r ,. largest o! the 
m:ix possible com-
bln:itlons 
Axt:il 5,2.4.1 ✓ ../ ../ ../ • r {; l/4 F 111:lX tu 
Bends 5. 2. 4. 3 
../ 
End c:ips 5,2.4.4 . 
" 
Saddles 5.2.4,5 ,J 
Thermal s. 2.4. 6 v 
exp:inston 
Dynamic s. 2. 4. 7 
../ 
lo:idlng 
Localized axial stresses due to bends and end caps can be estimated using the 
expressions sunmarized in Table 4-13. It is suggested in Ref.34 that 10% of the yield 
strength and 22% of the ultimate strength of the material be used to obtain a conservative 
estimate of the residual bending stresses in thin-walled tubes. The actual residual stress 
lies somewhere between these two values and acts in the axial direction. The foregoing 
cri teri.on as·sumes a smooth-wa 11 ed tube. In actual practice. the tube may be threaded or 
grooved and higher than average local strain could be developed in the thinner sections. 
In such cases, it is reconmended that bend samples be made to determine the minimum bend 
radius and the proper bending speed. Table 4-15, extracted from Military Standard 
MS33611 (ASG),can be used as a guide to establish allowable bend radii. 
The presence of a cap at the pipe end restrains the radial expansion which occurs in 
the pipe wal 1 _ away from the ends. This restraint r~svlts __ in local bending stresses which 
are maximum at the restraint and die.out with increasing distance away from the restraint. 
The maximum bending stresses for various types of end restraints are determined in Ref. 34, 
and are sU111?1arized in Table 4-13. These local bending stresses are additive to the basic 
pressure vessel axial stresses. Tnis sum should be less than Ftu/4 for the design c:iteria 
to be satisfied. Also, the end cap region is an area of the pipe where •as welded" material 
properties must be used unless subsequent heat treatment is done after welding. 
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TABLE 4-15. TUBE BENO RADII 
TUBE SPECIAL BENO RECOMMENOEO AOOITIONAL 
o.o. RAOII BENO RARjl RAOII 
SEE NOTE 1 SEE NOTE SEE NOTEc 
1-1/20 20 30 40 60 
1/8 0.188 0.250 0.375 0.500 0.750 
3116 0.281 0.375 0.563 0.750 1.125 
1/4 0.375 0.500 0.750 1.000 1.500 
5116 0."69 0.625 0.938 1.250 1.875 
318 0.563 0.750 1.125 1.500 2.250 
7/14 0.658 0.875 1.312 1.750 2.825 
1/2 0.750 1.000 1.500 2.000 3.000 
!5/1 0.938 1.2!0 1.87!5 2.!500 3.750 
3/4 1.12' 1.500 2.250 J.000 4.500 
7/8 1.3125 ,.,so 2.625 3.500 5.250 
1 1.500 2.000 3.000 4.000 S.000 
M/8 1.688 2.250 3.375 4.500 S.750 
1-1/4 1.875 2.500 J.750 !5.000 7.500 
1·3/8 2.063 2.7'0 4.12!5 !5.500 8.250 
1-1/2 2.250 J.000 4.!500 6.000 9.000 
1-5/8 2.438 3.250 4.875 6.500 9.750 
1-3/4 2.625 J.500 5.2!50 1.000· 10.500 
1-7/8 2.813 3.750 5.625 7.500 11.250 
2 3.000 4.000 8.000 8.000 12.000 
2-1/4 3.375 4.500 6.750 9.000 13.500 
2·1/2 3.750 !5.000 7 500 10.000 15.000 
3 4.500 6.000 9000 11.000 18 000 
[Ref: Mi1-STD MS 33611 (ASG)] 
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NOTES: 
l•I 
(bl 
UM of special bends ( 1-1/20 to 201 in fluid systtms 
with -rkin9 pr•nurH of 1500 psi or groattr require 
th1 approval of the pr0C1Jrin9 ser11,ce. Flatnen. wrinkle 
and scratch requiremenn $hall be as s.pec,fied 1n 
NotH (di and (el. 
Aecommended bends (30 and 401 require no app,oval 
and shall be used wherever pomble. Flarnen. wrinkle 
and sc:,an:h requittmenu shall be n specified in 
NotH (di and (ti. 
(cl Additional bends (601 shall be used only where 
fabfication or dHign difficult,~ preclude the use 
of recommended bends. Applications do t'I0t rtt'1u1'e 
specific approval and are limited only by tl'le flatness. 
wrinkle and scratch requirements provided ,n Notes 
(di and (el. 
(di Fl.irness limitations 
( 1 I Flatness in the ,re, of a rube bend ihall be defined 
by the formula: 
Fl tMU • Max OO - Min OD X 100 perar1t 
a Nom1natOO 
(21 Tube flatness for fluid systtms with working 
prnsurn of 1000 psi or greater shall not 
exCffd ! ~cent 
131 Tube flatNH lo, fluid systems with worki"9 
pr1ni,ir1s less tt11n 1 OQO psi shall not uceed 
10 percent 
(el Wrinkles and setatehH: 
(11 Fo, fluid systems with working pressures 500 
psi or greater, there shall be no wrinklu or 
kinks deeper than I percent of tube 00 and 
no scratches deeper than 5 percent of the 
nominal will thickness. 
121 For fluid systems with working pressures of 
1111 th-,, 500 psi there shall be no wrinkles 
or kinks deeper than 2 percent of tube 00 
and no scratches deeper than IO percent 
the nominal wall thickness. 
Bend radii for n.be diameters 011,er that'\ thoie 
SINICified may be ntablisned by multiplying the 
rube outside diameter by the appropriue num-
trical prefix noted in the table for the class 
benddHtred. 
PTewnt bending dies may be used until such time 
11 tools must by replaced. 
Ill l ,-
Analyses to determine localized axial stresses due to saddles, restrained thermal 
expansion and dynamic loads are rather complicated and should be performed by a cognizant 
stress engineer. Analytical methods suitable to heat pipe designs can be found in Ref. 34. 
4.5.2.3 End Cap Design 
The ASME Code, 1965, describes two configurations, designated here as Type I and 
Type II, for welded flat circular heads that are reconmended for heat pipe use. Design 
details are given in Fig. 4-36. The wall thickness, ts• is the minimum net section after 
all allowances for corrosion, threading, or grooving have been made. 
For these designs, the minimum required end cap thickness (tee) is specified tn the · 
ASHE code as: 
where: 
t • D ~ 4 CPrnlFtu 
C • A factor obtained from Fig. 4-36 
D • 2R is the average diameter of the pipe 
Pm • internal pipe pressure 
(4-52} 
Figures 4-37 and 4-38 show typical variations in required thickness, ts• with internal pipe 
pressure, p~. for 6061-T6 aluminum and 304 stainless steel, respectively. These curves 
assume a value of 0.5 for the factor C, which gives conservative results. 
4.5.2.4 Fill Tube Design 
The design of fill tubes is similar to that of tubes and end caps with the exception 
of the fill tube pinch-off itself. A.typical fill tube design is shown in Fig. 4-39. 
Since this is a region of the heat pipe for which strength cannot be calculated with 
satisfactory accuracy,the maximum operating pressure should be determined experimentally 
(see Section 4.5.2.5). 
In practice, the fill tube dimensions are determined by how tight a mechanical seal 
or crimp can be achieved prior to welding. A large inside diameter with a narrow wall will 
have good pump-down characteristics, but poor crimping properties - cracks are easily 
developed wh~n the material is deformed. Too narrow an opening with a thick wall will have 
poor pump-down characteristics. 
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TYPE I 
TYPE II 
C• 0.5M 
Cm1n • 0.3 
PIPE WALL 
END CAP 
t 
I 
M • ( AEOUIREO t1 ) 
ACTUAL t1 PRESSURE 
', 
Acceptable Post Weld Detail 
Fig. 4-36~ End cap design detail {34} 
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111r 
t 
I 
.40 .35 .JO .25 .20 .15 .10 .05 0 2 J 4 5 6 7 8 9 10 
TYPE 11 ENO-CAP THICKNESS, IN. MAX. OPERATING PRESSURE. I 000 PSI 
Fig. 4-37. End cap design curves, 6061-16 aluminum (as welded) (34) 
--- -- --- - -- -- ··- --- r-- --·~ -•--.. -t---+--if--·t-·-~~r-1- _ _j__ ---l~+--4--1--t--·-·1._. --1-----,1--+--... ·- -·~- -~ 
I I I I I I . ·. ! O • 1.25 IN. 
·1:. 
.45 .40 .36 .30 .26 .20 .15 .10 .05 0 2 3 4 5 6 1 8 9 10 11 
TYPE II END CAP THICKNESS,,lt<f. MAlC. OPERATING PRESSURE, 1000 PSI 
Fig. 4-38. End cap design curves, 304 stainless steel {as welded) (34) 
T 
.. i ,c 
T o,e 
FILL TUBE PINCH OFF 
Fig. 4-39. Typical fill tube design (34} 
LIQUID-SATURATED WICK 
-SECTION 
T i.c 
Fig. 4-40. Sketch of heat flow through a heat pipe 
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One f111-tuoe geometry that has been favored oy a number of heat ptpe faortcators uses 
a 3/16 to 1/4 in. (0.476 cm to 0.635 cm) o.d. tube with a 1/16 in. (0.159 cm) i.d. hole. It 
produces reasonable pump-down times (~ 1/2 hr.) and repeatable crimp closures, in both 
stainless steel and aluminum. Burst test samples with aliminum charge tubes have given 
3100 psi (2.137 x 107 newt/m2) for a fully annealed condition and 7500 psi (5.171 x 107 
newt/m2) for -T6 tubes that were heated to 600°F (316°c) for 1 min. and air cooled to room 
temperature prior to pinch off. 
4.5.2.5 Experimental Pressure Containment Verification 
The ASME Code also provides a means of experimentally determining the maximum opera-
ting pressure of vessels for which the strength cannot be calculated with a satisfactory 
assurance of accuracy. These tests cannot, however, oe used to ootafn a higher value of 
maximum operating pressure than would be obtained for a vessel for which the strength can 
be calculated. There are two types of tests which canoe used - a proof test, and a burst 
test. If the material yield strength, Fty' is less than 0.625 of the material ultimate 
strength, Ftu• a burst test must be performed. 
The maximum operating pressure can be obtained from the results of a single destruc-
tive burst test by the relation: 
where: 
Pm • maximum operating pressure 
p8 • actual burst pressure 
(4-53) 
Fa • average tensile strength of four test specimens taken from the part after 
failure or from the sam~ billet as the test specimen; or the maximum 
tensile strength 1n the material specification 
F • material tensile ultimate strength tu 
The maximum operating pressure can be obtained non-destructively from the results of 
a proof test by the relation: 
(4-54} 
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where: 
Pp • proof pressure 
Fay• average yie1d strength of four specimens taken from the part after test 
or from the same bi1let 
Fty • material tensile yie1d strength 
If no material property tests are perfonned, the maximum operating pressure may be 
obtained from: 
Pm • 0.4 Pp (4-55} 
where the proof pressure, Pp• is defined as the pressure at which permanent set occurs and 
1s determined using strain, or displacement measurements. In this test, strain gages are 
afrixed to the vessel in the hoop direction and the strain is recorded as a function of 
internal pressure, or the change 1n diameter at various 1ocations is recorded as a function 
of internal pressure to the point of pennanent set. 
When a corrosion, "threading" or "grooving" allowance has been "tnc1uded in the wall 
thickness, the proof or burst test resu1t shall be multiplied by (t - c)/t where tis the 
total wa 11 thickness and c is the corrosion. "threading", and/or "g;0oving 11 allowance. 
The test results can be corrected for temperature using the relation 
(4-56) 
where the subscripts t and o refer to test and operating conditions, respectively. 
4.5.3 Interface Design 
The external heat pipe container configuration is determined by mechanical and 
thennal interface considerations. Mechanical constraints. in addition to being associated 
with thermal interface requirements, generally relate to structural requirements and aff~ct 
primari1y the method of attachment of the heat pipe to the rest of the system. Thermal 
interface requirements, on the other hand, can affect the heat pipe's performance and 
therefore its design. The various implications of the thermal interface on heat pipe 
design are discussed in this section. 
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The simplest type of thermal interface condition is illustrated in Fig. 4-41. It 
consists of unifonn heat input and heat removal. This condition is used very often in 
heat pipe perfonnance test set-ups where heat is applied uniformly with a wrap-around heater 
and removed unifonnly by a well stirred coolant bath. In some applications, unifonn heat 
input/output conditions can occur when a heat pipe is used to transfer heat from a hot to a 
cold fluid as in heat pipe heat recovery systems. 
T •T a V 
{a) Typical Heat Pipe Performance Test Set-Up 
Hot Fluid Cold Fluid 
{b) Heat Transfer Between Two Fluids 
Fig. 4-41. Typical unifonn heat source/sink interface 
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In many applications. however, the heat input/output may be non-uniformly applied 
around the heat pipe (e.g .• Fig. 4-42}. 
In either case, the heat transfer capability of the heat pipe is detennined by the 
thermal conductance of the container. the evaporator and condensation neat transfer 
characteristics of the fluid/wick combination and the size, geometry and length of the 
evaporator and condenser sections. The thermal conductances associated with botb uniform 
and non-uniform heat loads are defined in the next sections. 
4.5.3.1 Uniform Heat Loads 
The primary he~t transfer mechanisms in heat pipes with uniform heat addition and 
removal are: heat conduction across the pipe wall_ and the liquid-saturated wick at the 
evaporator section; axial transport of heat from the evaporator to the condenser by the 
latent heat of vaporization and heat conduction across the liquid-saturated wick and the 
pipe wall at the condenser. Heat conduction in the wall and in the wick can be described 
by Fourier's law, whereas the temperature difference in the vapor phase between the 
evaporator and the condenser sections can be described by the Clausius-Clapeyron relation-
ship. The temperature difference between the vapor and the liquid at the liquid-vapor 
interface in both the evaporator and condenser is generally small and can be neglected (42). 
The overall heat pipe conductance can be expressed as fol_lows (see ftg. 4-40): 
where: 
. 
Q • heat flow rate 
T
0
.e • external surface temperature of the envelope at the evaporator 
T c • external surface temperature of the envelope at the condenser o, 
(4-57) 
Since all the conductive paths within the heat pipe are in series,the overall temperature 
drop across the heat pipe (T
01
e - T
01
c) is the sum of individual temperature drops within 
the heat pipe. If the temperature drop at the liquid/vapor interface is neglected. 
T • T w.e v,e 
T • T W1 C V ,C 
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a) Grooved Source/Sink 
Interface 
Temperature Sensitive Component 
(Heat Source) 
0 
Radiative/Convective Surface {Heat Sink) 
b) Heat Pipe With Flat c) Heat Pipe With Mounting 
External Geometry Saddle 
Typical Source/Sink Interface Conditions 
Fig. 4-42. Typical non-uniform heat source/sink interface 
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and the individual temperature drops can be expressed as follows: 
• l n (r0/r.) T - T • Q 1 o,e 1,e 21r L K 
e t 
• ln (rlr ) 
T -T •Q V i,e v,e 21r Le ~.e 
• ln (r /r.) 
T - T • Q o 1 i ,c o,c 21r LC Kt 
The heat pipe conductance can then be ~xpressed as follows: 
[ 
ln (r/ri) ln (ri/rv) 
(UA)H.P. • 21r Le~ + 21r Le l<,,,e 
ln (r1/rv) 
+ 2,r LC I<,, ,c 
(4-58) 
(4-59) 
(4-60} 
(4-61 l 
(4-621 
(4-631 
The temperature drop in the vapor phase (Tv,e - Tv,c} can be detennfned by 
solving the hydrodynamic flow equation for the vapor phase (see Chapter 2). If the 
vapor flow is laminar and incompressible with dynamic effects, Chi (33) suggests a 
closed fonn solution as follows: 
(P • p ) • F Q ( le + L + lc ) 
v ,e v ,c v 6 a 6 (4-64) . 
where: 
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However, with the exception of gravity assisted heat pipes and high temperature heat pipes 
operating at the low end of their operating temperature range, (e.g., liquid metal heat 
pipes operating near their freezing point) the temperature drop in the vapor phase is 
negligible. That is, since the pressure differences that can be typically sustained by 
the capillary structure are small, the only way significant vapor temperature differences 
can be developed is at high absolute vapor temperatures (Tv} in combination with small 
vapor densities (pv} which is the case for liquid metals operating at the low end of tneir 
operating temperature range. 
For most heat pipes including liquid metal types, tnts term can be neglected and 
Eq. 4-63 reduces to: 
[
ln (r/ri) 
(UA)H.P. • 2rr Le~ 
For thin walled tubes Eq. 4-65 can be expressed as: 
[ 
t ln (r1/r) (UA)H.P. • 2rr Le r Kr" + 2rr L ~v + 
. o e ,e 
ln (r1/rv) 
2rr Lc ~.c 
+ t 2rr Lc r0 Kt ] 
-1 
(4-65} 
(4-66] 
Finally.- in most heat pipe designs with the exception of liquid metal heat pipes, the 
thermal conductivity of the container is much greater than the conductivity of liquid/ 
wick combination. In sucn cases, the heat pipe conductance can be expressed as: 
[ 
ln (r1/rv) + ln (ri/rv) ] -l (UA)H.P, • 2rr Le Kw,e 2rr Lc Kw,c (4-67} 
The above equations were derived for a cylindrically shaped wick held against the 
internal diameter of a tubular container. Since there are a variety of wick designs with 
different neat transfer properties, it is convenient to reduce the conductance through 
the liquid/wick combination to an equivalent fi1m coefficient and the overall heat pipe 
conductance (excluding the container wall and vapor temperature drop} can be written 
as follows: 
(UA)H.P. • [ ~ + ~] _, 
e e c c 
(4-68} 
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Ae and Ac are the liquid/vapor interface areas in the evaporator and condenser, 
respectively. For the above example, the terms in Eq. 4-68 can be defined as follows: 
K 
w,e 
Ae • 2ir r L V e 
A • 2ir r L C V C 
(4-69} 
(4-70} 
(4-71 l 
(4-72} _ 
Note that in order to solve the above equations it is necessary to develop the equivalent 
thermal conductivity for the liquid/wick combination. Methods of estimating this equiva-
lent thermal conductivity are discussed in Section 4.4.5. Whenever possible. measure 
data for equivalent film coefficients are reconmended. 
4.5.3.2 Non-Uniform Heat Loads 
Ir:i many applications the neat ts applied to or removed from only a portion of tfle heat 
pipe's circumference. Most aerospace applications fall into this category. Typically, heat 
from a source (such as an electronic component) is conducted to a heat pipe which in turn 
transports the heat to a heat rejection system such as a space radiator as illustrated in 
Fig. 4-42. A conductive plate (cold plate) is usually used to conduct the heat from the 
source to the heat pipe. Evaporator and condenser_ interfaces are usually achieved either 
by clamping or bonding the heat pipe as shown in Fig. 4-42. 
A non-uniform heat input/output condition can be represented schematically as shown 
in Fig. 4-43. If the conductance of the source/sink plate 1s much larger than the conduc-
tance around the container wall, a unifonn temperature distribution at the interface can 
be assumed and the conductance of the heat pipe can be determined by assuming radial 
conduction through the container wall at the interface and circumferential heat flow in 
the container wall around the remainder of the heat pipe periphery. If the radial 
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conductance of the contafner wall is large compared to tne internal conductance of tne 
heat p1pe, then Eq. 4-67 canoe applied in determining the conductance of the interface 
zone (Sector t) as follows: 
(4-73] 
The conductance over the remainder of the neat pipe (Sector II) can ce determined on tne 
oasis of the fin equation. 
(UA)H.P. ,II • (4-741 
Sfoce the heat flows fn Sector rr from two d-trections and s1nce heat flows from one side 
of the tube container into the heat pipe, the f1n efficiency {nJ can be expressed as 
follows (43): 
Tl • e 
" . C 
tanh (we~ h/Kr t) 
we ~h/Kr t 
h/Kr t) 
(4-75) 
(4-76) 
Also, since heat paths in Sector I and Sector II are in parallel, the overall conductance 
of the heat pipe is the sum of the two. 
{UA)H.P. • [ ~ ~: + ~ ~: ] -l 
21T + 
(21T. - Q 
(4-77) 
In many applications the temperature drop in the interface plate fs significant (such 
as weight optimized aerospace system) or in more complex geometries such as illustrated in 
Fig. 4-42, the above simplified model for non-uniform heat input is no longer adequate and 
more complex thermal models are required. A numer1ca1 analysis using a nodal network as 
shown in Fig. 4-44 and a thermal computer code will then be required. The heat load distri-
bution corresponding to the thermal model defined by Fig. 4-44 is presented in Fig. 4-45. 
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Fig. 4-43. Schematic of heat pipe with non-unifonn heat source/sink interface 
• 
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~at throughput : 205. 04 BTU/hr = 60 W 
1aporator film coefficient: 1600 BTU/hr ft 2 
,ndenser film coefficient:3120 BTU/hr ft 2 
luminum Thermal Conductivity: 90 BTU/hr ft•F 
,pper Thermal Conductivity~219 BTU/hr ft•F 
Evaporator Length: 5 inches 
Condenser Length: 30 inches 
Heat Pipe Wall Thickness:O.Ol inches 
Q 
Fig. 4-44. Typical heat pipe interface nodal model 
4.6 FIXED CONDUCTANCE HEAT PIPE DESIGN PROCEDURE 
The design of a heat _pipe is dependent on the various factors discussed in the 
preceding sections. Frorn the design viewpoint, it is convenient.to separate the types 
of heat pipes into two categories: fixed conductance (conventional) heat pipes and 
variable conductance heat pipes. The design procedure for the fixed conductance heat 
pipe is outlined in this_ section. 
The variety and very often the interdependence of the different factors to be 
considered, as well as the qualitative, and in some cases the compl exi_ty of 
the mathematics, precludes the definition of a rigid design procedure. In general, 
. . 
however, the design of any fixed conductance he.at pip~ will follow the procedure out-
lined in Fig. 4-1. The major steps in this procedure and the applicable sections in 
this chapter which discuss each of these steps are as follows: 
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Fig. 4-45. Heat load distribution in an axtally groove.cl tube 
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STEP DESCRIPTION REF. SECTION 
1 Establish the Design Parameters 4.2 
2 Select the Working Fluid 4.3 
3 Select the Wick Design 4.4 
4 Select the Container Design 4.5 
5 Oetennine the Hydrodynamic Performance Limits Chapter 2 
6 Ver1fy Container Structural Integrity 4.5 
7 Establish the Heat Transfer Characteristics 4.5 
8 Select the Optimum Design 
The application of this procedure to the preliminary design of a fixed conductance heat pipe 
ts illustrated in Chapter 5. 
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CHAPTER 5 
SAMPLE DESIGN PROBLEMS 
This chapter presents an example of the analyses and procedures which are employed 
in determining the preliminary design of a fixed conductance heat pipe. The final design 
will of course be dependent upon test results obtained with breadboard or prototype hardware. 
5.1 SAMPLE PROBLEM A -- FIXED CONDUCTANCE HEAT PIPE 
5.1.1 Step fl - Problem Definition and Design Criteria 
A heat pipe is required which will be capable of transferring a minimum of 15-W at 
an operating temperature between O and ·40°c. The overall length of the heat pipe is 100 cm 
with one evaporator and one condenser section each 8 cm long, located at each end of the 
heat pipe. To minimize cost and delivery time, a straight tubular geometry is desired. 
The he~t pipe will be attached by epoxy bonding into a semi-circular groove to be provided 
in the heat source and the heat sink. The maximum allowable temperature drop between the 
outside wall of the evaporator and the outside wall of the condenser is 6°c. Heat is to 
be applied and removed uniformly along the entire length of the evaporator and condenser 
sections. Bonding must be performed after the heat pipe is charged at a temperature of 
170°C (337~F). Because of weight and volume limitations, a maximum heat pipe diameter of 
1.27 cm is desired. Finally, for ground demonstration purposes it is desired to demons-
trate the performance at a test elevation of 1 cm and any composite wick design must be 
able to demonstrate self-priming at this elevation. The desired heat pipe design is 
illustrated in Fig. 5-1. 
L=lOO cm 
8 cm (vaporator 
s=.573° 
D = 1.27 cm 
See Note #2 
Ld.i-- Epoxy Bond 
SECTION A-A 
Evaporator/Condenser 
Interface 
See Note #3 
#1 
NOTES: 
1. Test elevation in 1-g s 1 cm 
2. Design objective 
3. Bonding temperature 17o0 c 
Fig. 5-1. Sample problem A - fixed conductance heat pipe configuration 
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TABLE 
Nt (w/m2 ) 
FLUID 
o0 c 40°C 
Anmon1a 1,25 X 1011 9,0 X 1010 
Methanol 2.955x 1010 4.246xl010 
Acetone 2. 761xl010 3.0 X 1010 
freon 21 l.845xl010 l.766xl010 
*Above the critical temperature 
FLUID 
OPTION 
Anrnonia 
Acetone 
Methanol 
freon 21 
5-1. PROPERTIES Of SELECTED FLUIDS 
SAMPLE PROBLEM A 
H (m2 ) vv/vt p @170°C K 
o0 c 40°C o0 c 40°c vN/m2 (w/m-k) 
4.2 X 10 -6 2,9 X 10 -6 u.o 5.1 * 0.449 - 0.54 
3.070xl0-6 2.762xl0 -6 169.7 41.3 2.16lx10 6 0.198 - 0.21 
-6 J.142xl0 -6 2. 736xl0 78.0 16.3 l.649xl0 6 0.163 - 0.182 
l.546xl0 -6 l.227xl0 -6 10.96 4.841 4.588xl0 6 0.109 - 0.095 
TABLE 5-2. MATERIAL COMPATIBILITY 
SAMPLE PROBLEM A 
CONTAINMENT MATERIALS 
ALUMINUM STAINLESS STEEL COPPER 
Compatible Compatible Incompatible 
Compatible Compatible Compatible 
Incompatible Compatible Compatible 
Compatible Compatible Compatible 
\. 
5.1.2 Step #2 - Working Fluid Selection 
As discussed in Section 4.3, the choice of working fluid depends on a number of 
considerations including working pressure, fluid properties as they affect the capillary 
pumping limit and other performance limits, thermal conductivity, compatibility with the 
wick and container material, and stability at elevated temperatures. Table 5-1 sunmarizes 
several candidate working fluids and their properties. Table 5-2 summarizes the compati-
bility of the candidate working fluids with several commonly available container materials. 
A review of Tables 5-1 and 5-2 shows that anmonia offers the best overall combination 
of thennophysical and derived properties with the exception of its working pressure. The 
bonding temperature of 170°c is above its critical temperature and a significant weight 
penalty may be required to contain the pressure during bonding. On the other hand, lts 
superior fluid properties (high liquid transport factor, high wicking height and low 
kinematic viscosity ratio) will require a smaller heat pipe diameter which will compensate 
for the pressure. Furthermore, a111110nia is compatible with aluminum which is a weight 
effective material. Finally, ammonia has a high thermal conductivity which can be an 
important factor with respect to the s0 c maximum allowable temperature drop. 
The next best choices are acetone. and methanol. Of the two, acetone would be selected 
on the basis of low kinematic viscosity ratio and its compatibility with aluminum. If 
methanol were selected, copper would have to be considered as the container material since 
heat input is over only half of the heat pipe circumference. If stainless steel were used 
the second half of the heat pipe circumference would become ineffective because of its low 
thennal conductivity. 
In the remainder of this sample problem, anmonia will be used as the reference 
working fluid since it does illustrate pressure containment above the critical point which 
is a typical problem in the design of many heat pipes. 
5.1.3 Step #3 - Wick Design Selection 
Three basic wick designs could be considered to meet the performance requirements: 
homogeneous wire mesh screen; composite wire mesh screen; and axial grooves. The 
homogeneous wire mesh wick design offers the ability of providing fine capillary sizes to 
achieve high static height to meet 1-g test conditions but with a correspondingly low 
permeability factor. The composite wire mesh wick design avoids the compromise between 
fine and coarse capillaries but presents a priming reliability problem. To minimize the 
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problem with bubble entrapment, alternate layers of coarse and fine wire mesh can be used 
to disperse any inclusions, and the composite ratio can be held to a minimum consistent 
with performance objectives. Finally, the axially grooved design offers large open flow 
channels which are sensitive to gravity. 
Fig. 5-2 illustrates the three types of wick designs. Both the homogeneous and 
composite wicks are centrally located, spirally wound geometries. This arrangement which 
removes the main wick from the wall provides optimum heat transfer at the evaporator and 
condenser sections to achieve the 6°c requirement. Bridges that are used to interface the main 
wick with the secondary wick would be either circumferential grooves or a single layer of 
wire mesh screen pressed against the wall (e.g., Fig. 5-2). For the axialiy grooved wick 
design, a rectangular groove fs selected since it most closely approximates what can be 
achieved by extruding or swaging. An extrusion would be used if the selected container 
material is aluminum. For copper or stainless steel the swaging process would be required 
to fabricate the axially grooved tubing. 
a) 
Spirally Wound Wire 
Mesh Screen 
Homogeneous Wire b) 
Mesh Wick 
Secondary Wick 
Do 
Alternate Layers of Fine 
---ff~w and Course Mesh Screen 
.nm 
Composite Wire cl Axially Grooved 
Mesh Wick Wick 
Fig. 5-2. Sample problem A - wick design options 
Near perfect wetting can be assumed for arrmonia (i.e., cos e • 1}; and the required 
capillary sizes should be determined on the basis of demonstrating the transport require-
ment at a 1 cm test elevation in 1-g. The resulting wick properties, as determined below, 
are su1T111arized in Table 5-3. A preliminary wick evaluation of the selected design can be 
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TABLE 5-3. PROPERTIES OF THE WICK DESIGN OPTION* 
SAMPLE PROBLEM A 
I HOMOGENEOUS WIRE MESH WICK 
Effective Pumping Radius (r) 
. p 1.28 X 10-
4 m 
Equivalent Square Mesh Size 1,.(10_ 
Composite Factor (S) 1.0 
Penneability 2.0 X 10-lO m2 
K/r P Ratio l.56 X 10-6 ffl 
II COMPOSITE WIRE MESH WICK 
Effective Pumping Radius of the 
2.56 X 10-4 m Coarse Mesh (rp)max , 
Equivalent Square Mesh Size (coarse) 50 
-Effective Pumping Radius of the 
6.4 x 10-S m .... .._ .·-··- '.: ( Fine Mesh Screen (rp) 
Equivalent Square Mesh Size (fine) 200 
-Composite Factor (S) 4 
t ~ 6,4 X 10-lQ m2 t"" ' ' Effective Penneability (Keff) ' 
-5 K/rp Ratio (primed) 1.0 X 10 m 
III AXIAL GROOVE WICK {RECTANGULAR} 
Effective Pumping Radius (rp) -4 3,87 X 10 ffl 
Groove Width (w) 3,87 X 10-4 m 
Groove Depth (cS) 7 .74 X 10-4 m 
Groove Flow Factor - Sharp Corner {Ng) 1.73 x ,o-11 m3 
Composite Factor (S) 0.8 
Penneability (K). 1.12 X 10-8 m2 
K/r P Ratio 2.89 X 10-5 
* The values of rp and Kare calculated for each wick design in Steps (al through 
· (c) which follow. 
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obtained from this table. On the basis of the k/rp ratio, a 4:1 wire mesh composite wick 
will provide 6.4 times greater Q:.g_ performance than the homogeneous wick. The cnoice 
between the two options could be resolved at this point if the relative importance of size 
and weight versus reliability were known. The axially grooved design on the other hand can 
provide 18.5 times greater Q:.g_ performance than the homogeneous wick and 2.89 times greater 
Q:g_ performance than the composite wick. However, the number of grooves that can be located 
in a given diameter is limited by fabrication constraints (i.e., the fin thickness between 
groove). In addition, cost factors must also be considered, and therefore the complete heat 
pipe desi9n is required to make a final choice. Steps {a) through (c) which follow illustrate 
the calculation of the values of the wick properties presented in Table 5-3. 
(a} Homogeneous Wick Capillary Sizing 
The optimum mesh size for the homogeneous wick can be determined 
from Eq. 4-20 using the minimum wicking height associated over the 
operating temperature range {i.e., at 4o0c in tnis case): 
-6 2 4 ( ) ,. H ., 2 • 9 x 1 0 m • l • 28 x 1 o- m 
rp opt "c 2.27 x 10-2 m 
the static head (he) is the sum of the test elevation (h} and the 
internal heat pipe static heat (Di cos S}. 
he~ h +01 cos a• 1 cm+ 1.27 cm cos (.573°) • 2.27 cm 
kl internal diameter of 1.27 cm ts selected on the basts of the 
stated problem objective for the heat pipe size. !f tfie required 
heat pipe size is determined to be significantly larger or 
smaller, then a design iteration(s) will be required to refine 
the selection of the homogeneous wick capillary size. Also, as 
illustrated in Fig. 5-2, the main wick does not extend the full 
height of the internal diameter. For optimum design, an iteration 
with respect to this effect would also be required once the 
relative size of the heat pipe design is established. For square 
mesh screens, the spacing between wires is approximately equal to 
the wire diameter {w = d} and d = rp {see Section 4.4.1}. In 
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this case the permeability of the screen (K) can be determined 
from Eq. 4-14: 
K • :0122 d2 • .0122 (1.28 x ,o-4 m) 2 • 2.0 x 10·10 m2 
(b) Composite Wick Capillary Sizing 
For the composite wick design, the coarse mesh is only restricted 
by the self priming requirement. Since self priming at the test 
elevation of 1 cm is required, the maximum capillary size can be 
determined from: 
-
(r) • 2H • 2 {2.9 X 10-S m2) 4 'I:'-" ___._.....;.;....;.,..-...;.;;....t..._ • 2.56 X 10· ffl 
p max nc 2.27 x 10·2 m 
If square mesh screen is employed as discussed above, the permeability 
of the coarse screen is: 
. 2 -4 2 1 0- 1 o 2 K • .0122 d • .0122 (2.56 x 10 m) • 8.0 x · m 
No restrictions are imposed on the fine mesh screen with the 
exception that experience has shown that low composite factor wicks 
prime more reliably and that the fine mesh screen does occupy a 
finite amount of space which reduces the effective area of the wick. 
For illustration purposes a composite factor of 4 fs selected. For 
the fine mesh screen then : 
· rp • 6.4 x 10·5 m and K • 5.0 x 10-13 m2 
Since alternate layers of coarse and fine mesh screen are to be 
used, the fraction of the wick area occupies by the fine mesh screen 
can be expressed as follows: 
Area of the Fine Mesh. Fine Mesh Wire Diameter 
Total Wick Area Coarse Mesh Wire Diameter+ Fine Mesh Wire Diameter 
• 6.4 X lO•S m 
2.56 x 10·4 m + 6.4 x 10·5 m 
• .20 
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Based on parallel flow circuits. the effective penneability of 
the composite wick can be determined as follows: 
Keff • .2 (5 x 10·13 m2) + .a (8 x 10·10 m2) = 6.4 x 10·10 m2 
Note that the contribution of the fine mesh screen is insigni-
ficant compared to the coarse mesh screen. 
(c} Axial Groove Capillary Sizing 
For an axial groove operating in 1-g, the optimum groove size 
can be determined from Eq. 4-21: 
w. (r ) • 4H .. (4) (2.9 x 10.;6 m2) 3 87 -4 p opt ~ (3) 1 x 10·2 m • . x 10 m 
Since axial grooves are non-communicating, their performance in 
1-g is independent of heat pipe diameter. In this example, the 
elevation (he) is the test elevation (1 cm). 
Typically the groove depth is limited to ~fee the groove 
width for the extrusion and the swaging process (f.e., 5 • 2 w). 
For grooves with sharp corners at the groove opening, the groove 
permeability can be detennined from Eqs. 4-10 and 4-12. 
where 
(
A' )3 1 
• 0.87 7 . 
3•1 !3.8 7 X 10•4 m !2x 
1.94 X 10.j m 
A" • 2 w2 ., 2 {3.97 x 10· 4 m) 2 ., 3 x10·7 m2 f, 
WP • w + 2o • 1.94 x 10·3 m 
• 2 W • 7. 7 4 X 10•4 ffl 
K "' ~ .. { 1. 73 x 1 o·11 m3) (3.8 7 x 10· 4 m) ~ (2) {3 X 10.] m2) 
• 1. 12 X 10-8 m2 
201 
Ill. T 
I 
_, 
In the above analysfs, both the permeability (K} and the groove 
flow factor (Ng) are determined. In most design analyses, it is 
convenient to only calculate the groove flow factor since it 
can be applied directly into the capillary pumping limit equation. 
5.1.4 Step #4 - Container Design Selection 
The container shape, maximum size and geometry have already been specified as part 
_of the problem statement. With respect to shape, the tubular design is the most conmonly 
used configuration because it is the most efficient configuration from a pressure contain-
ment point of view. Round tubes and pipes of many materials are readily available, and 
most manufacturing processes, such as groove forming, can most easily be applied to this 
shape. Candidate container materials with demonstrated compatability with the selected 
working fluid have also been identified in Step 12. Other properties such as strength, 
weight to strength ratio, density and thermal conductivities of the candidate container 
materials are summarized in Table 5-4. The strength data is for the 170°c bonding 
temperature since this condition will apply. 
TABLE 5-4. PROPERTIES OF CANDIDATE CONTAINER MATERIALS 
SAMPLE PROBL5~ A 
Ultimate Tensile Weight Parameter Density Thennal 
Strength, Ftu p/Ft p Conductivity 
-. @1700C @170° u @200C @20°c 
Material (Ref. Fi~. 4-30) {ksi 
(Ref. Fig. 4-31) {sec 2/ft 2 ) 
{Ref. Fig. 4-34) {lbm/ft 3 ) 
{Ref. Fig. 4-33) 
(Btu/ft-hr-F) 
Aluminum 20 2 X 10-6 170 122 
Copper 18 5 X 10-S 563 225 
. 
Stainless Steel 74 1.5 X 10-6 487 9 
As mentioned in Step #2, thermal conductivity is an important criteria since heat 
is being applied and removed from only half the heat pipe circumference. On this basis, 
copper is the best choice and stainless steel the worst. However, weight and material 
strength are important parameters in view of the high pressure containment required to 
bond at 170°c and the stated problem objective to minimize weight. On a weight to 
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strength basis (Table 5-4, Column 2) stainless steel 1s the lowest with aluminum a close 
second and copper the worst. Aluminum, therefore, appears to be the best compromise if 
a compatible fluid can be used. 
With respect to end closures and the fill tube, the designer is directed to 
Section 4.5.2 for detailed designs. Once the heat pipe diameter is established (Step #5},· 
the designer can determine the end closure thickness required. 
5.1.5 Step NS -. Evaluate Hydrodynamic Performance Limits 
This problem example fs to establish a heat pipe size consistent with the stated 
objective of a minimum capacity of 15 watts at a test elevation of 1 cm. The heat pipe size 
has not been specified but the objective is to stay within a 1.27 cm diameter and as low 
a weight as possible. Since a 15 watt minimum is specified, a design margin should be 
introduced. For the purpose of this example the objective will be to maintain a 1 .2 to 1 .3 
design margin. There fs no established criteria for the design margin, it must be based 
on experience primarily with the wick's performance and on the criticality of the applica-
tion. The ability to achieve the required performance with the margin applied must also be 
recognized. In other words, overdesigning can lead to an impossible requirement. To 
establish the design requirements of the three types of heat pipes, the capillary pumping 
li.mit is used as discussed below. Results are sumnarized in Table 5-5. 
(a) Capillary Pumping Limit 
Since the evaporator and the condenser are at opposite ends of the 
heat pipe with the evaporator up and since it is advisable to design 
a heat pipe with the vapor in the laminar flow regime, the closed 
form solutions for the capillary pumping limit, as discussed in 
Chapter 2, can be used. First, transport requirements can be 
established on the basis of a 1.3 design factor and Eqs. 2-72 and 
2-73 as follows: 
1 1 1 1 · Leff• 2 Le+ La+ 2 Lc • 2 (8 cm)+ 84 cm+! (8 cm)• 92 cm 
(QL}max • 1.3 x 15 watts x 92 cm• 1794 w-cm • 17.94 w-m 
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For the homogeneous wick, this requirement is equal to QLeff fn 
Eq. 2-63: 
2K A (1 + n) cos 9 F (QL) • 17.94 w-m • w c t 
max r Nt 
p 
For perfect wetting, cos ec • l and from Eq. 2-64: 
l +Tl• 1 - [ 
rp L sin S 
2 II cos 8 
r D; cos B ] + _p""-..;.... __ 
2H cos 9 
• 1 -
?'p 
2H cos e (L sin B + D.i cos S) 
• l - 1.28 X 10-4 m 
(2) (2.9 X 10-6 m2) (l) 
(l m sin .573° + 
l,27 X 10-2 m COS ,573°) 
l +Tl• .5 
For the selected homogeneous wick properties {Table 5-3) and minimum 
liquid transport factor (40°c for amnonia), the combination of wick 
--area C\) and friction factor (F1 ) required to meet the desired 
perfonnance is: 
/,/ (QL)max r p 
A,/1 • 2K (1 + n) cos ec N1 - -· _.....-
• (17.94 w-m) (1.28 x 10_,. m) 
{2) (2.0 X 10-lQ m:) (,5) (1) (9 X 
• 1.28 X 10_,. m2 
For the Selected Wick Geometry 
\ • f D! 
Av • f (Di - D!) 
1010 ?'....) 
m2 
D • 4 x Area • 4 x f (Di - D!) 
H,v Wetted Perimeter w (D. + o) • D; - Ow 
1 W 
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where the bridge wick is assumed to have a negligible effect on vapor 
flow losses. The vapor flow factor (Fe) can be detennined from Eq. 2-67 
using the capillary properties from Table 5-3 and the wick and vapor 
area properties as defined above. If the maximum value of the kinematic 
viscosity ratio is used, a conservative estimate will result . 
• 
• 
• 
A nll!lber of combinations of wick diameter (Ow) and internal 
diameter (01) will satisfy the C\F1 ) requirement. To achieve 
minimum size and minimum weight, however, an optimization is 
required. The optimum condition can be detennined by parametric 
analysis with the aid of a simple computer model. 
As a first approximation, the minimum wick diameter (Ow) based 
on F1 • 1 is useds 
0w) min • (iAw)15 •(ix 1.28 X 10-" ,r 1.0 m2 )15 ', \'· 
0w) min • -2 1 .28 X 10 ffl 
-2 Note that this diameter is greater than the destred· 1.27 x 10 m 
heat pipe diameter. However, we shall continue with the homogeneous 
wick design to show i.ts relative merits with respect to other 
wick designs. 
Also, since it is desirable to maintain laminar vapor flow (Rev 
f 2000) 
Re ,. 
V 
• 
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As a matter of practical consideration, a vapor space size of 1.65 x 10·3 m 
(.065 inches) is initially assumed. A smaller vapor space would be too 
small to consider since it would be difficult to control its size. On that 
basis and on the basis of the minimum wick diameter determined above: 
o1v min c 1.28 x 10·
2 
m 
The vapor flow condition based on a11111onia properties at 0°C (see Volume II -
· Tabulated Properties) and a design margin of 1.3: 
• 
( 6 J ) ( -5 ..l.!L..) ( -2 ) w 1.27 x 10 K9 .92 x 10 m.sec 2.9 x 10 m 
(4) (15 watts) (1.3) 
• 73 
Since the vapor flow 1s well within the laminar flow range, the vapor flow factor 
(F1 ) can be determined as follows: 
F • 
.t 
1 + (7.04 X 10-S) (1.28 X 10-2m) 2 
[1.62 X 10.2m - 1.28 X 10.2m]2 [(1.62 X 10-2m) 2 - (1.28 X 10-2m) 2] 
F1 • .99 
Since this value of the vapor flow factor is approximately equal 
to unity, the design margin of 1.2 to 1.3 is satisfied on the 
basis of minimum fluid properties except for the fact that the 
internal diameter is larger than originally assumed and the 
gravity loss will be larger than determined above. Perfonnance at 
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the two temperature extremes of the operating temperature range can 
. now be determined as follows. 
At o0c 
1 + r, "' - p [
. r 
1 2H cos ec 
. , fi D. - D ) ] (L ;in a +\oi - , 2 w cos ~> 
r t· , J 
[ 
1.28 X 10-ltm ] 
• 1 - (
2
) (lm sin .573 + 1.45 x 10·2m cos .573) (4.2 X 10-6m) (1) 
• .64 
where the internal wick elevation is taken from the bottom of the heat 
pipe to . the top of the internal wick core. 
[ 
"v 32K D! ] .l . 
Ft • 1 + "t (Di - ow)' (D;2_ ow2) 
• .99 
The transport capability at the 1 cm test ele,ation and o0c is: 
u 1,,1 ~ a 
QL)max • 
2K Aw 0+~ cos 9c F1 Nt - V K""' f, .....,. . N .R. 
~-· 
. . r'r~ 
/ .w /, <.J /1,#·•o··...,.. i.J 
(1.28 X 10-2JJtf ( .64) (1) (.9%) (1.25 X 1011iz') 
• 1.28 X 10-Jft 
/ 
• 32 w-m 
At 40°C 
1 + r, • 1 _ [ 1- 28 x lO-,.m x (lm sin .573° + 1.45 x 10·2m cos .573°)] 
(2) (2.9 X 10-6m) (1) 
• .451 
• .995 
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The transport capability at the l cm test elevation and 4o0 c is: 
1 0 2 ,r) - 2 2 (2) (2x 10- m) (-4 (1.28 x 10 m) (.451) (1) (.99) QL)max • -------------------- x 9 x 1010. ~ 1.28 x 10-~m nr 
Note that as a result of adjusting for the selected internal diameter 
which is larger than originally assumed, the gravity loss factor is 
larger and a perfonnance margin of only 1.17 is achieved versus the 
design objective of 1.2. A slight iteration on the design (i.e., a 
wick diameter increase of 1.2/1.17 • .025) would allow the homogeneous 
wick to meet the design objective. 
{b) Composite Wick Design 
A similar design procedure as outlined above for the homogeneous wick 
is also applicable to the composite wick design with the exception 
of the wick properties. Once prime<L the gravity loss factor in 
~
Eq. 2- 63 for the selected homogeneous wick design and for minimum 
anmonia properties is: 
1 + n • 
• .75 
The combined wick ar~a (\) and friction flow (F1 ) required to meet 
the desired performance is then : 
✓-\ 
\ F.t • (17.94 w-m) (6.4 x 10- m) 
(2j (6.4 x ;P- 10m2 )(. 75) (1) (9 x 1oio- ~ ) 
\ 
• 1.33 X 10.:'.(m2 
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Since the specified geometry is the same as that of the homogeneous wick. 
the minimum wick diameter based on Ft= 1 is: 
And, since it is also desirable to maintain laminar flow in the 
composite wick design: 
, .., 
4 15 watts 1.3 
----,~....;.;.;:~::+--,-=-;r-';---....,,.......,..----..- 4 12 10- 3m 
11' (2000) 1.27 X 106 b-
9 
(.92 X 10-s ~ + • X 
KQ m•sec 
.. 
As in the case of the homogeneous wick, the annular vapor space 
(5.3 x 10-4 m • .021 inches} is too small to be considered in a 
practical heat pipe design. For the same annular vapor space 
thickness as the homogeneous wick (1.65 x 10-3 m • .065 inches) 
and on the basis of the minimum wick diameter: 
D) • 4.12 X 10- 3m w min 
D; • 7.42 X 10- 3m 
Using the viscosity ratio at o0c it follows that: 
ry 
• [ 1 + ( 11) ( 32) ( 6. 4 X 10• 
10 ) ( 4. 12 X 10• 3 m) 2 1-l 
(7.42 X l0- 3m - 4.12 X 10· 3m) 2 [(7.42 X 10- 3m) 2 - (4.12 X 10-3 m)2 J.. 
• .991 
Again, since the vapor flow factor (F1 ) is approximately unity, 
vapor flow losses are negligible, the design margin of 1.2 to 1.3 
should be satisfied especially since the internal diameter is 
smaller than initially assumed and the gravity loss factor should 
be less than determined above. Perfonnance at the two temperature 
extremes of the operating temperature range for the selected wick 
diameter (Dw 2 4.12 x 10-3 m) and the selected internal heat pipe 
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diameter (D1 • 7 .42 x ,o-
3 m) can be determfned as follows: 
At o0c 
l + n • 1- 6.4 x 10-
5
m ~ 
(4 -• 2 (lm sin .573°+ 9.07 x 10-
3m cos .573°) (2) .2 X 10 m) (1) 
• .855 
• .991 
The corresponding maximum transport capab;lity at the l cm test 
elevation and at o0c is: 
(2) {6.4 X 10• 1 Gm2 ) (i) (4.12 X 10. 3m) 2 (.855) (.991) 
) 
________ .,;_ . _ ~--------- ,C 1.25 X 1011 W 
QL max • 6.4 x 10· 5m ;r 
• 28.4 w-m 
At 40°C 
1 + n • 1. [ 6-4 x io·sm (lm sin .573° + 9.07 x 10· 3 cos .573°)] (2} {_2, 9 X 10 • 6 m 2 ) ( 1) 
• 0.790 
• l +5.132) 6.4 X 10 )4.12 X 10 
[ 
( ) ( -10 ( •3)2 ]-1 
(7.42 X 10. 3 - 4.12 X 10- 3 ) 2{(7.42 X 10- 3 ) 2 • (4.12 X 10- 3 ) 2 } 
• 0.996 
The corresponding maximum transport capability at the 1 cm test 
elevation at 40°c 1s: 
(2) (6.4 x 10-10m2 ) <!-) (4.12 x 1q- 3m) 2 (.790) (.996) 
QL)max • ---------------------- X 9 X 1010 !.... 6.4 x 10- 5m mz 
-~ 
{c) Axial Groove Design 
Three major factors distinguish the axial groove design from the 
homogeneous and composite wicks discussed above. 
(1) The gravity loss factor (1 + n) is independent of tube diameter 
since the grooves do not cormiunicate. 
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(2) The liquid/vapor shear effect must ~e taken fnto account in 
the design of grooves. 
{3) The number of grooves that can be located around the periphery 
of the heat pipe is fixed by the groove width (w). depth (o), 
and the fin thickness (tf). 
For the selected axial groove design, the gravity loss factor at 
minimum working fluid properties is: 
• .333 
The maximum transport performance for the axial groove design can ~e 
determined from Eq. 2-63 as follows: 
For negligible vapor flow losses (F1 • 1), the selected groove 
properties (Table 5-3} and minimum fluid properties; the minimum 
number of grooves required for a design margin of 1.3 is: 
(QL)max 
N)min • 
N9 (l + n ) F 1. N1 
• 
{1.3} (15 watts) {.92m) 
{l.73 X 10-11m) (.333) (1) {9 X la1°~) 
• 35 
In both the extrusion and the swaging processes, a typical fin 
thickness {tf) of approximately one-half {1/2) the groove width 
can be achieved. The minimum vapor core diameter required to 
acco111110date 35 grooves 1s therefore: 
N}min x 1.5w 
0v)min "' ,r • 
(35) (1.5) (3.87 X 10--m) 
'II' 
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The vapor Reynolds number (Rev) for the mfnimum flow diameter and a 
design factor of 1.3 is: 
Re • V 
0 DH v (1.3) (15 watts) (6.45 x 10· 3m) 
. •-,---~~~~---~-r-----------~ 
Aµ A (1.27 x 10 6 J) ( 92 10· 5 _!_g__) 'IT' (645 10· 1 ) 2 v v k9 · x m sec 4 · x m 
• 329 
Since the vapor flow is laminar, it only remains to establish the vapor 
flow loss factor (F1) and compensate accordingly: 
Ft • [ 1 + :; (f V + ftv)] -1 
where: 
f V • # 1:j : :y. w' 
4 (35) (1.73 x 10·
11
m
3 ) 
. -
11' 14 ,0 X 10•:~ • 211t (3,87 X 10-1tm) 3 
3.87 X 10 m 
• 2.75 X 10 -3 
N A' L 
--2-
3a'l1' w I Ri 1·
3 
-- a 
w 
__ J_s __ (
2
) ,_4_x_10_-_1m __ 2 1 _, 
{3) (2) (,r) 3.87 X 10-ltm 
ftv • . 6.41 X 10 -s 
• 4.0 X 10-3m 
a • 
O 7.74 X 10-lt 
- . 
W 3,87 X 10-lt 
• 2 
A' f .. ow • 2w2 .. 2 
w w2 w2 
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Using the maximum viscosity ratio ( o°C) it follows that 
Fi • [ 1 + (11) (2.75 x 10- 3 +6.41 xio- 3 )] - 1 
• .91 
Since a value of 0.92 for Fi will give the desired design margin 
of 1.3, the axial groove design is satisfactory as developed above. 
If the vapor had been more significant, the number of grooves and 
the vapor space diameter would have been increased until satisfactory 
perfonnance was achieved. For the selected vapor core diameter 
(Dv • 6.45 x 10-3 m), internal dfameter (D1 • 8 x 10-
3 m). and the 
properties of the selected groove design. perfonnance at the two 
extremes of the operating temperature range will be: 
At o0c 
1 + Tl :s 
[ 
3.87 X 10-ltm ] 
1 - ------ (lm sin .573°} (2) (4.2 x l0- 6m2 ) 
• .54 
. --:-·F.,,·-- ... [1 + (11) (2.75 X 10-3+6.41.~ 10-3 ) J- 1 
• .91 
· The maximum transport capability at the l cm test elevation and o0c 
is therefore QL}max • (35) (1.73 x 10-ll m2}(.54}(.91}(1.25 x 1011 1) 
m 
• 37.2 w-m 
• .333 
Ft • [1 + (5.1) (2.75 X 10-3 +6.41 X 10-3 ) J-1 
• .955 
The maximum transport capability at the l cm test elevation and 40°C 
is therefore QL) • (35} (1.73 x l0- 11m3 ) (.333) (.955) (9 x 10 10 ~) 
max m2 
_,,..---· -----._. 
• 17,3 w-m · \..._ _________ , 
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(d) Static Wicking Height 
The static wicking height for each of the preceeding wick designs 
can be determined by setting (1 + n a 0), in which case: 
For both the homogeneous and composite wick 
h i 2H - I D; - ow + D , 
max r P 2 w \ 
For example, at o0c the maximum static _height for the homogeneous 
wick is: 
hmax 
• 5.11 X 10-2m 
For the axial groove: 
h • 2H 
max rp 
At o0 c 
h • max 
(2) (4.2 x 1o·'m2 l 
3.87 X 10-i.m 
5.1.6 Ste'p #6 - Establish Heat Transfer Characteristics 
For illustration purpsoes. it is assumed that the secondary wick for both homogeneous 
and the composite wick consists of a single layer of fine mesh screen: for example, 200 
mesh screen with 6.35 x 10·5 m wire diameter. The effective thermal conductivity of screen 
wicks can be approximated with a series model (Eq. 4-40) 
~ . 
tK + (1 - t)K s 
With anmon1a as the working fluid, aluminum wick material and a sq'uare mesh (t • .6) 
(70.5 m~oc) ( .45 m~oc) ~ • --""'""--------=_.:;; ___ • . 75 w 
( .6) (70.5) + (1 - .6) ( .45) m-1'c 
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Since the total wick thickness is approximately equal to twfce the wfre dtameter, the 
equivalent film coefficient can be expressed as: 
w K • 75 ::--"a"'" 
h • h • :.:! • m-•1. = 5.9 x 10 3 w 
e E tw (2) (6. 35 x 10- 5m) m2 -°C 
In this problem, the evaporator and condenser are of equal length (8 cm) and the heat 
input is over half the circumference. If the heat conductance over the second half of 
the circumference is neglected: 
For the homogeneous wick design: 
AE • Ae • (~~) (1.62 x 10· 2m) (8 x 10· 2m) • 2.03 x 10· 3m2 
• 
...,.. __ ......,( 2 15 watts 
( 5.9 x 10
3
··_w_)(2.03 x 10-3m2 
mz.oc 
• 2.5 °c 
For the composite wick design: 
AE • A, • (lsrr) {7.42 x 10- 3m) (8 x 10·2m) _• 9.32 x 10·-m 
-.-----i,.;;;;2.,__"""'1'"""5...,w,.;..;a;;..;t,.:;.t.;;..s .___ _ ......,_ .. 5• 46 0 C 
(
5.9 x 103 _w_) (9.32 x 10-~m 
mz.oc 
Both the homogeneous wick and the composite wick designs meet the design performance of 
6°c. If higher conductances were desired, a threaded secondary wick instead of a single 
layer of screen could be used. Al~o it should be noted that the results are conservative 
since only 50% of the tubes circumference was used. These could be modified by applying a 
fin efficiency to this 50%, once the wall thickness has been determined based on pressure 
retention requirement (Section 5.1.7). 
For the axial groove, the evaporator and the condenser film coefficients can be 
determined from Eqs. 4-42 and 4-43, respectively. For aluminum, with anmonia as the 
working fluid, a groove depth of 7.74 x 10·4 m, a land thickness of 1.94 x ,o-4 m, a 
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vapor core diameter of 6.45 x 10-3 m (Rv = 3.23 x 10-3 m) and 35 grooves: 
N Ke 1 
he • ~ .0701 + Ke 6 
~ tf 
"' 
35 X .45 f=uc 1 
------------2 ir (3.23 X 10- 3m) .45 ¼ 7. 74 X 10.4m 
.0701 + m-wv1,, 
• 8.12 X 103 _w_ 2. .. 0 
m - C 
h • C 
• 
N Ke l 
~ K 
V .0221 +~ff 
(35) ( .45) 
70.5 m-OC 1.94 X 10. 4 m 
1 
2,r (3.23 X 10- 3 ) _0221 + .:..iL 7.74 X 
70.5 1.94 X 
• l.63 x 10 4 ___!!_ 
m2_oc 
For the axial groove heat pipe, consi~ering heat into half of the circumference: 
• TE+Tc_• _Q + Q 
n?i Vc 
15w 15w 
• 3.42 °c 
Hence, the axial groove design also meets the s0c requirement. 
5.1.7 Step #7 - Pressure Containment 
Maximum containment pressure will occur at a specified bonding temperature of 110°c 
0 . (337 F). This temperature exceeds the critical temperature of a111T10nia and the internal 
pressure can be determined by using the Beattie-Bridgeman Equation of State· (Eq. 4-2). To 
ofltai_n the pressure from this equation it 1s necessary to establish the wick volume, vapor 
channel volume and the total fluid inventory. Once the internal pressure 1s detennined, the 
required wall thickness can be established on the basis of the thick-walled Lame solution 
(Table 4-13) and the properties of the selected container material (Table 5-4). For the 
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design properties of the three types of heat pipes that are summarized in Table 5-5, 
pressure containment requirements are as follows. 
I. Homogeneous Wick Design 
The homogeneous wick is made of multiple wraps of square wire mesh, the 
potosity (E) is approximately 0.6 (Eq. 4-15) and the wick volume is: 
Vw • e \ LH.P. • (.6) (1.29 x ,o-4 m2} (1 m) 
V • 7.74 x 10·5 m3 
w 
The vapor channel volume is: 
V • Jr (D2i - 02 } • Jr V 4 W 4 [ ( -2 )2 -2 2] 1.62 x 10 m - (1.28 x 10 m} 
V • 7.74 x 10·5 m3 
V 
For anmonia the maximum fluid inventory is determined at o0 c. The required 
inventory for the homogeneous wick fs therefore 
m • 
k 5 3 ~ -5 3 (642.4 j )_ (7.74 x 10· m) + (3.391 m3) (7.74 x 10 m) 
m • -2 4.99 x 10 kg 
The pressure containment requirement based on the Beattie-Bridgeman Equation 
is: 
p • RT (1 - e ' ) ( v + B) 
vz n 
n 
V • n 
3 gm (1.55 x .10-4 m3)(1000 9./m ) x 17 g:n-mole -2 'l 
4.99 x 10·2 kg x 1000 ~ • 5.28 x 10 gm-mole• 
kg 
M • Molecular _Weight (17 gm le for arrmonia) gm-mo . . 
V • V + V W V 
T 
A • A (1 - ..!..) • 2. 392 (1- O' l 703l ) 0 vn 5.28 x 10·2 
B • B \1 - .l..)= .03415 (1 - ·19112 ~ 0 
- vn 5.28 x 10·2/ 
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TABLE 5-5. WICK DESIGN PROPERTIES SUMMARY 
SAMPLE PROBLEM A 
I. HOMOGENEOUS WICK 
Wick Diameter (Ow) 1.28 x 10·2·m 
-4 2 Wick Area (Aw) 1.29 X 10 m 
Internal Diameter (01) 1.62xlo·
2 m 
Transport Capacity at l .0 cm Elevation 
QL)max@ ooc 32 W-m 
QL >max @ 40oC 16.2 W-m 
Design Margin 
At o0c 2.2 
. At 40°C 1.17 
Static Wicking Height (hmax} 
At o0c -2 5.10 X 10 ffl 
At 40°C -2 3.lxlO m 
Composite Factor (S) 1.0 
II. COMPOSITE WICK DESIGN 
Wick Diameter (Ow) 4.12 X 10•3 m ,' . I~•' 
. ·-s 2 Wick Area (Aw) ,J.33 X 10- m ~ 
• -s~ 
Internal Diameter (Di} ·.,:42 x 1 o·3 m 
Transport Capacity at 1.0 cm Elevation {primed) 
0 28.4 W-m QL)max@ O C 
QL}max @ 40°c 18.9 W-m 
Design Margin 
At o0c 2.06 
·. At 40°c 1.37 
Static Wicking Height (hmax} ( prfmed} 
ll.7xl0-2 m At 0°C 
At 40°C -2 7.6 X 10 ffl 
Composite Factor (S} 4.0 
III. AXIAL GROOVE DESIGN 
Vapor Core Diameter (Dv} -3 6.45 X 10 m 
-3 Internal Diameter (D1) 8,0 X 10 m 
Number of Grooves (N) 35 
Area Per Groove {Ai} 3 x 10·7 m2 
Transport Capacity at 1.0 cm E1 evation 
QL)max @ ooc 38.4 W-m 
QL)max @ 40°c 17 .6 W-m 
Design Margin 
At o0c 2.78 
At 4o0c 1.28 
Static Wicking Height (hmax) 
-2 At o0 c 2.17 X 10 m 
At 40°C -2 1.50 X 10 m 
Composite Factor {S) 0.8 
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8 • 8.95 X 10•2 
e' • 
476.87 X 104 
C •-------;-?" (5.28 X 10-2)(443) 3 n 
e' • 1.04 
Where A0 , a, 80 , band care constants as defined in Table 4-3 for anmonia. 
p • (0.08206)(443)(1 • 1 ,04) (5.28 X 10-2 _ 8.95 X 10-2) 
(5.28 X 10-2)2 
+ 5.32 
(5.28 X 10·2)2 
p • 1090 atm. ; 28,000 psia 
As can be seen, the internal pressure associated with.the homogeneous wick 
design 1s excessive. Based on the thfck-walled Lame solution, the wall 
thickness requirement is: 
F + p 
R2 • tu R2 
o Ftu _ P i 
Even with stainless steel (Ftu • 74,00Qpsi).an ASME safety factor of 4 on 
ultimate could not be satisfied (f.e., ~ Ftu < p}. For a safety factor 
of 2, which could be acceptable for the bonding process 
( ½) (74,000) + 28,000 
R2 • ;-;;;-+------- ( ½ X 1.62 X 10·2 m) 2 
Q ( t ) (7 4 • 000) - 28 , 000 
Note that aluminum cannot satisfy the pressure containment requirement 
{Ftu • 20,000@ 170°c) under any condition. 
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II. Composite Wick Design 
A similar analysis as described above can be followed to determine the 
internal pressure associated with the composite wick design. Since the 
wick material selected is also square mesh screen (t • .6), the 
following volumes, inventories and pressure containment requirement 
would apply to the composite wick: 
VW • 8.0 X 10•6 m3 
V • 3.0 X 10-S m3 
V 
m • 5.24 x 10·3 kg 
vn • 0.123 1/gm-mole 
and therefore 
p • 199 atm; 2900 psia 
Note that the fluid inventory required for the composite wick fs an order 
of magnitude less than for the homogeneous wick. Also, the percentage of 
vapor volume to total volume for the composite wick is much larger than for 
the homogeneous wick. If a safety factor of 2 were to be applied on 
pressure containment, the required external diameter for stainless steel 
would be: 
(½) {20,000) + 2900 
R2 • ------- (} x 7 .42 x 10·3 ml ~ (½) (20,000) - 2900 
R • 5 x 10·3 m 
0 
Since the pressure containment is sufficiently low a safety factor of 4 
could have been used for pressure containment in which case for stainless 
steel: 
And for aluminum 
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III. Axial Groove Wick Design 
The wick's volume in an axially grooved design is the volume of the grooves 
and therefore, the following volumes, inventories and pressure containment 
requirements apply: 
Vw • NA1 LH.P. • (35) (3 x 10-? m2) (l m) 
V • l .OS x 10-S m3 
w 
Vv • l 0~ lif.P. ~ ¾ (6.45 x 10-3 m) 2 (1 m) 
VV • 3.27 X 10-5 m3 
m -3 • 6.85 X 10 kg 
V • 0.1072 
n 
The internal pressure is therefore 
p • 247 atm • 3600 psia 
For a safety factor of 4: 
R
0 
• 4.87 x 10-3 m For Stainless Steel 
R
0 
• 9.91 x 10-3 m For Aluminum 
5.1.8 Step 18 - Design Selection 
Table 5-6 surrmarizes the significant performance and design factors of the three 
selected wick designs. As can be seen, the homogeneous wick can ce excluded on the basis 
of size, pressure containment requirement and weight. Of the two remaining design options, 
the composite wick offers higher performance, smaller size and lower weight. However, 
composite wicks are known to be unreliable. If high reliacility fs required, the axial 
groove would be a better choice at a size and weight penalty. In botb cases ft can ce seen 
0 
that the weight is governed by the 170 C bonding requirement. To achieve more optimum 
weight, a larger heat pipe diameter (larger total internal volume) or the addition of a 
reservoir could be considered. Also, charging after the bonding operation would provide a 
significant weight savings. 
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TABLE 5-6. HEAT PIPE DESIGN SUMMARY (AMMONIA) 
SAMPLE PROBLEM A 
Homogeneous Composite Axial 
Wick Wick Groove 
Perfonnance@ 4o0c 
Transport@ 1.0 cm Elev. {QL)max (W-m) 16.2 18.9 17 .6 
Static Wicking Height (hmax) (m). 3.1 X 10-2 7.6 X 10-2 1 .50 X 10-2 
Composite Factor 1.0 4.0 0.8 
Design Margin 6T (0c) 1.17 1.37 1.28 
Pressure@ 17o0 c (atm) 
Aluminum Containment at a Safety 
Factor of 2 
Outer Diameter (00 ) (m) , .o x 10-
2 1.17 X 10-2 
Weight (kg) 0.131 * 0.176 
Stainless Steel Containment at a 
Safety Factor of 2 
Outer Diameter (00 ) (m) 4.34 X 10-2 . 8.02 X 10-
3 8.82 X 10-3 
Weight {kg) 10.9* 0.094* 0.149 
Aluminum Containment at a Safety 
Factor-of 4 
Outer· Diameter (D0 ) (m} 1.44 X 10-
2 . -2 1.982 X 10 
Weight {kg) .365* .735 
Stainless Steel Containment at a 
Safety Factor of 4 
Outer Diameter (D0 ) (m) 8.7 X 10-l 9.74 X 10-:3 
Weight (kg) 0.167* 0.260 
Temperature Drop {6 T) (°C) 2.5 5.46 3.42 
*Heat pipe weight based on stainless steel wire mesh wick 
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5.2 SAMPLE PROBLEM B -- VARIABLE CONDUCTANCE HEAT PIPE 
5.2.1 Step #1 - Problem Definition and Design Criteria 
A gas controlled variable conductance heat pipe is required to maintain the temperature 
of a package on-board a satellite in the range of Oto 10°C with variation in sink temperatures 
between -60°C and -30°C. At the minimum sink temperature it is desired that the heat pipe be 
sufficiently shut down to allow the package to be maintained at 0°C with a maximum power 
input of 2.0 watts. It is also desirable to provide sufficient flexibility in the design to 
acc01T1110date an alternate position on the spacecraft where maximum sink temperature may be as 
high as -10°C. 
Condenser length, evaporator length and overall length are to be the same as specified 
1n Sample Problem A. To minimize development, an existing fixed conductance heat pipe design 
as defined in Sample Problem A is required. 
5.2.2 Step #2 - Fixed Conductance Heat Pipe Design Su11111ary 
The axially grooved heat pipe design as developed in Sample Problem A is shown in Fig. 5-3. 
Pertinent physical properties are sunmarized in Table 5-7. The principle difference between· 
this heat pipe and the heat pipe in Sample Problem A is the wall thickness. In this case a 
9 x 10-4m (.035 inch) wall thickness 1s specified to minimize reverse conductance. Pressure 
containment is not a problem since the reservoir will significantly reduce internal pressure. 
at high temperatures. 
5.2.3 Step 13 - Reverse Conductance 
The first step in establishing the variable conductance heat pipe (VCHP) is to determine 
the amount of blockage beyond the end of the condenser required under minimum sink condition 
to acconmodate the specified maximum ~ower input of 2.0 watts. In this region, heat will be 
conducted through the aluminum wall of the heat pipe. Including the fins between the grooves, 
the total cross-sectional area is: 
A • ¾ ( 002 - Dv2 ) - AG 
• ¾ [ (9.8 x 10· 3m) 2 -(6.45 x 10· 1m) 2 ] - (35)(3.87 x 10·,.m)(7. 74 x 1o·"m) 
• 3.23 x l0- 5m2 
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TABLE 5-7. CHARACTERISTICS OF THE AXIALLY GROOVED DESIGN 
Number of grooves 
Vapor core diameter (Dv) 
Inner diameter (D1) 
Effective pumping radius (rp) 
Groove width (W) 
Groove depth ( o) 
Groove area C\) 
Groove flow factor - sharp corner (N9) 
Permeability (k) 
Do • 9.8 x ,o-3m 
35 
6.45 X 10-3 m 
8 X 10-3 m 
3.87 X 10-4 m 
3.87 X 10-4 m 
7.74 X 10-4 m 
1.048 X 10-5 m2 
l.73 X 10-ll m3 
1.12 X 10-S m2 
DV = 6.45 x ,o-3 m 
9.0 X 10-4 m 
Fig. 5-3. Axially grooved heat pipe 
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For aluminum the reverse conductance can be expressed as: 
\;x = KA a ( 211 :~j2) ( 3.23 x 10- 5m2 ) 
• 6.82 x 10- 3 wa~~-m 
For a maximum of 2.0 watt input at the minimum sink of -60°C and a vapor temperature of 0°C 
6X • KA6T Q 
• .205 m 
• ( 6.82 X 10- 3 ~i~) 60°C 
2 watt 
io achieve sufficient shutdown, therefore, the gas interface must recede the entire length of 
the condenser (0.08 m} plus the above distance. The volume of the vapor space in the inactive 
part of the heat pipe at the minimum condition is: 
vv,im • i 0/ ( Lc + tix) 
• ¾ (6.45 x 10- 3m) 2 (.08m + .205m) 
• 6.81 X 10-1m3 
5.2.4 Step ~4 - Reservoir Sizing; Maximum Sink• -30°C 
The simplest type of VCHP that can be employed is the "cold reservoir" type as defined 
in Section 3.2.2. For this type of design, the reservoir size can be determined from Eq. 3-15. 
·v v . 
r • o,m,n 
9v,1m -'o.max-'¥o,m1n 
From Eq. 3-8 and a11111onia vapor pressure properties (Ref. Volume II) 
Pv- Pv,o 
'l'o,min • T
0 
• 1903 _N_ 
m2 - K 
min 
Pv-Pv,o 
'¥0,max • To max 
• 2029 _N_ 
m2 - K 
• 
• 
1903 
2029-1903 = 15. 1 
),· 0 ~ 
.427 X 106 N£'.m2 - .217 X 10 5 N/m2 
213 K 
,, 
'--.,4 y ~-
.612 X 10 5 N/m2 - • 119 X 106 N£'.m2 
243 K 
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The required reservoir volume is: 
V • (15. l )(6.81 x 10- 6 m3 ) = 1.03 x ,o-"m 3 
r 
And the gas charge required is (Eq. 3-10): 
(m R)g • Vr 'i'r,max"' Vr \>,max 
• (1.03 x ,o-"m3 )(2029 mt K) 
• .209 N·m/K 
Where R, the universal gas constant is equal 
non-cc~densible gas charge is: 
m9 • 2.52 x 10-S kg - mole r--~··--
5.2.5 Step #5 - Reservoir Sizing; Maximum Sink• -10°C 
For a -10°C sink temperature, the "cold reservoir" cannot satisfy the control require-
ment. In this case 'i'o,min is the same as determined above and: 
'o,max = .612 X 10' N/m
2 
- .290 X 10' N/m2 . 
263 K 
N 
• 1224 'jjj"f:"i'" 
and .Vr 
-· 
.Yv, im 
1903 • _ 2.8 . 
1224 - 1903 
V 
The negative value 
the control requirement. 
for V r indicates that even an infinite volume would not satisfy 
v, im -==-=-~ 
In this case, therefore, the reservoir temperature must be controlled 
and a design such as the feedback VCHP as described in Section 3.2.2 is required. In a feed-
fabk system the reservoir -1.~mper~t\Jr~--.varies between the maximum sink temperatur~ ~nd__J_he 
maximum c;~m~U.tio_n_s as determined by the reservoir heater and controller. Since control bands 
-------- . --
of only a few degrees are easily achieved with typical electronic controllers, an optimum 
reservoir for feedback control can be determined from Eq. 3-18: 
'o,min. 1903 
'¥ T'2'24' = 1.55 
o,max 
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In this case the reservoir volume is: 
The required non-condensible gas charge can be determined in the same fashion as in the case 
of the "cold reservoir" as illustrated above. 
5.3 SAMPLE PROBLEM C -- GRAVITY ASSIST HEAT PIPE 
5.3.1 Step fl - Problem Definition and Design Criteria 
It is desired to utilize the axially grooved heat pipe design developed in Sample 
Problem A in a system for ground application. The heat pipes are to be operated with a .153 m 
(6 1n.) positive tilt. Total system heat load is 250 watts at a nominal operating temperature 
of 0°C. Heat input {evaporator), heat output (condenser) and overall heat pipe length are to 
be the same as specified in Sample Problem A. The working fluid is to be arnnonia. A minimum 
number of heat pipes is desired to minimize system cost. 
5.3.2 Step #2 - Heat Pipe Design Summary 
The axially grooved heat pipe design as developed in Sample Problem A is shown in 
Fig. 5-3. Pertinent physical properties are surrmarized in Table 5-7. 
5.3.3 Step #3 - Evaluate Hydrodynamic Performance Limits 
When a· heat pipe is operated at a positive elevation in a gravity field, the condensate 
return to the evaporator occurs with the help of gravity. The total performance of the heat 
pipe is, therefore, in excess of its performance associated with capillary pumping limit. 
As a first approximation, the laminar vapor flow is assumed. The maximum transport 
performance for the axial groove design can be determined from Eq. 2-63 as follows: 
where 
F N 
Q )ma • NNg ( 1 + n ) Lt t 
X eff 
rpl sin a 3 87 10-" l+n=l- ....._ __ al- • x m [lmsin(-8.7°)] 
2Ht 2 X 4.2 X 10. 6 m2 
• 8 
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Note that the sign of the tilt angle is negative for a reflux mode of operation resulting in 
a (1 + n) tenn greater than unity. 
For Leff• .92-m 
and F1 • .91 (see Sample Problem A) 
Q)max • 35 x 1.73 x 10·11 m3 x 8 x .91 x 1.25 x 1011 °l x +m, 
• 599 watt 
The corresponding vapor Reynolds number (Rev) is: 
R QDhv (599w)(6.45xlo·'m) e • A ~ • _...,;;;.;;.;;...;.;....<...i...;;..;._,;...;.;...;...;;___,;.;.s_ s 
v l.ly v (1.27 x lO'J/kg)(.92 x 105 kg/m-sec)¾ (6.45 x 10· m) 2 
• 10,128 
Since the vapor flow is turbulent, ·Eq. 2-23 and 2-34 apply 
dPv 
--dx 
. 156 -µ: Ref" 
pv·oh v3 
. - ~ 
• .156 ( .92 x 10 5 kg/m-sec)2xl0, 128 " 
{3.391 kg/m' )(6.45 x 10· 3m)3 = 158 N/m 
R-R A,. µ 
If • 0. 0328 i V V ffl '75 
R .25 A 1..79 Py V 
V V V 
Eq. 2-23 can also be written as: 
R R .4. 
lfl • .0195 i • V _nx._ R:e_,75 
Ry Av 
7.74x10·" 1.048x10- 5 
• .0195 ----------- 10, 128·75 3.225 X 10• 3 11'(3,.225 X 10• 3 ) 2 
• 15.6 
The liquid loss 1s determined by Eq. 2-20 
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dP.t = -(2.87 x 10- 7m2 /sec)(S99 w) 
OX (1.12 X 10- 8m2 ) (1.048 X 10- 5m2 } (1.27 X 106 J/kg} 
• 1153 N/m 
The liquid vapor shear loss can be determined by: 
~ • t:32 'I' dPg, • ·374 {15.16)(1153 N/m) = 815 N/m ax dx 3 
• • (Ry+Rt)sin(,r/N)-Rt 
R1 - Ry 
Neglecting the land tip corner radius (Rt• 0) 
+ • Ry sin(rr/ M) • 3.225 x 10- 3 sin (rr/35} • 0_374 R1- Ry 7.74x 10_,. 
. 
The parameter F1 which represents the ratio of the viscous pressure drop in the liquid to 
the sum of all the pressure drops in the liquid and vapor can be determined from: 
The maximum transport performance of the heat pipe on the basis of F1 • .542 is: 
Q • NNg ( 1 + n} Ft N,_ • 357 watt 
ma-x Leff 
The corresponding vapor Reynolds number is 6,036. The next step is to iterate the calculations 
based on the new Reynolds number. The iteration process is repeated until the final Reynolds 
number is equal to the initial value. The final iteration gives: 
Qmax • 404 watt 
The performance based on hydrodynamic limits is in excess of the required performance. 
Therefore, only a single heat pipe would be required. However, other heat transport limitations 
should be checked because of the high capacity achieved with gravity assist. 
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5.3.4 Step #4 - Other Heat Transport Limitations 
Other factors which may effect the performance of the gravity assist heat pipe are vapor 
entrainment, sonic limit and boiling limitation. For the above design, these can be determined 
as follows: 
(a) Sonic Limit: 
The limiting axial heat flux associated with the sonic limit are included 
in Volume II as a derived fluid property. For arnnonia at 0°C: 
.Q__ • .834 x 109 watt/m2 
A., 
For the axially grooved design. the vapor flow channel diameter is 6.45 x 10·3m 
and: 
• ,r - 3 2 Q • 4 ( 6.45 x 10 m) ( .834 x 109 watt/m2 ) 
• 27,250 watts 
(b) Entrainment Limit: 
The entrainment limit can be derived from Eq. 2-80: 
• ~p O'A2)\ Q•A _v __ 
V Z . 
- . % 
• !.4 ( 6.45 x ,o-3m)2[(3.391 kg/m 3 )(.02~ .. N/m)(l.27 x 10' J/kg ?2 ] 
3.87 X 10 m 
• 626 watts 
Where the characteristic dimension Z is assumed to be equal to the groove 
width. 
(c) Boiling Limit 
A first approximation of the boiling limit can be determined by combining 
Eqs. 2-82 and 2-83: 
(f L • K(f :•:: [ ;: - (H1) ~x] 
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For a111110nia at 0°C and the axially grooved design and Eq. 2-14: 
(~ p ) ,. 2 a cos 9c ,. 2 ( . 206 N/m) ( cos 0°) 
1 max w 3.87xl0-'+m 
• 1.34 x 10- 2 N/m 2 
~here a zero wetting angle is assumed for arm,onia. The ratio of the effective 
thermal conductance (Keff) of the wick-liquid matrix and the wick thickness (tw) 
is equivalent to the evaporator film coefficient. As detennined in Sample 
Problem A, this value is: 
Therefore, the maximum evaporator power density -based on the boiling limit is: 
(Q\ • 8 12 x 101_'!_ [ 273 K ] [ 2 ( .026 N/m2) - l.34 x 1oz N/ni2] A/max • m2 - K (.1.27 X 106 J/kg)( 3.391 kg) 10- 5m 
a 2.67 x 10,. w/m2 
For an evaporator length of .08 m and the vapor diameter of 6.45 x 10·3m, 
the area (A) is 1.62 x 10-3 m2 and the maximum input power is: 
• 43.3 watts 
Since this limit is lower than the required 250 W, boiling could be the limiting 
factor in this applicatio~. However, as pointed out in Section 2.7.3, the 
calculated critical superheat is sometimes one order of magnitude lower than 
actually measured. Test verification, therefore, would be required to determine 
whether this limit applies. 
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CHAPTER 6 
HEAT PIPE MANUFACTURING 
Manufacturing is the single most critical step in the development of successful heat 
pipe hardware. Although many schemes and designs have been proposed in the past to achieve 
enhanced performance, very few have been successfully implemented into reliable products 
which can_be repeatedly produced at reasonable cost. The manufacture of heat pipes 
embraces a number of processes and operations which are dependent on the type of heat 
pipe (fixed conductance, thennal control, co11111ercial, etc.), the operating temperature of 
the heat pipe, the design selected and the application. The major factors which influence 
manufacturing processes include leak tight containment of the fluid, pressure containment, 
as-fabricated wick properties, materials compatability, cleanliness, fluid purity and 
charge requirements. Although manufacturers are currently using a number of independent 
procedures, the basic processing of heat pipes is very similar. This chapter outlines 
the basic elements of heat pipe fabrication. A significant portion was extracted from 
Ref. 1 which discusses manufacturing procedures in detail. A list of heat pipe manufac-
turers and materials suppliers is given in Tables 6-1 and 6-2, respectively. 
6.1 HEAT PIPE CONSTRUCTION 
Heat pipe designs fall into two general categories: fixed conductance and thermal 
control. The fixed conductance heat pipe is composed essentially of five elements as 
shown in Fig. 6-1, namely, the envelope (or container), wick, end cap, fill tube, and 
working fluid. Thermal control heat pipes are special adaptations of the fixed conduc-
tance heat pipe with modifications designed to accomplish a variety of thermal control 
functions. Gas controlled variable conductance heat pipes, as illustrated in Fig. 6-2 
require the addition of a non-condensible gas, a reservoir, and in most cases a reservoir 
wick to prevent liquid entrapment. Transition sections and low conductivity (Low_ K) 
sections may also be employed. Diode heat pipes will generally include a reservoir to 
accormt0date the blocking fluid or to trap the working fluid inventory. Finally, some 
of the more complicated systems such as passive feedback controlled and vapor modulated 
heat pipes will employ a bellows reservoir and an auxiliary fluid. 
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TABLE 6-1. HEAT PIPE MANUFACTURERS 
MANUFACTURER 
B & K Engineering, Inc. 
Oynatherm Corporation 
Energy Conversion Systems, Inc. 
General Electric Co. 
Gn.llffllan Aerospace Corp. 
Heat Pipe Corp. of America 
Hughes Electron Dynamics Div. 
Isothermics, Inc. 
McDonnell Douglas Corp. 
Noren Products, Inc. 
Perkin Elmer . 
Power Technology, Corp. 
Q-Oot Corporation 
Rockwell International, 
Space Division 
Sigma Research Corp. 
Thennoelectron Corp. 
TRW Systems Group 
Xerox Corporation/ 
Electro-Optical Systems 
LOCATION AEROSPACE COMMERCIAL 
Towson, Md. 21204 X X 
Cockeysville, Md. 21230 X X 
Albuquerque, N.M. 87112 
Valley Forge, PA. 19101 
~ethpage, N.Y. 11714 
Newark, N. J. 07060 
Torrance, CA. 90509 
Augusta, N.J. 07822 
St. Louis, MO. 63166 
Redwood City, CA. 94062 
Danbury, CT. 06810 
Ann Arbor, MI. 48103 
Dallas, Texas 75247 
Seal Beach, CA. 90740 
Richland, WA. 99352 
Waltham, MA. 02154 
Redondo Beach, CA. 90278 
Pasadena, CA. 91107 
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TABLE 6-2. HEAT PIPE MATERIALS SUPPLIERS 
Metal Foams 
Astro Met Associates, Inc. 
95 Barron Drive 
Cincinnati, Ohio 45215 
General Electric Company 
Metallurgical Products Department 
Box 237, General Post Office 
Detroit, Michigan 48238 
Gould, Inc. 
Gould Laboratories 
540 East 105th Street 
Cleveland, Ohio 44108 
Union Carbide Corporation 
12900 Snow Road 
Parma, Ohio 
Metal Felts 
Astro Met Associates, Inc. 
95 Barron Drive 
Cincinnati, Ohio 45215 
Brunswick Corporation* 
Technical Division 
1 Brunswick Place 
Skokie, Illinois 
*Formerly Huyck Metals -Company 
Wire Mesh 
Cambridge Wire Cloth 
P. 0. Box 399 
Cambridge, Maryland 21613 
Michigan Wire Cloth Company, Inc. 
2100 Howard Street 
Detroit, Michigan 48216 
Newark Wire Cloth Company 
351 Vernon Avenue 
Newark, New Jersey 07104 
Tobler, Ernst and Traver, Inc. 
420 Saw Mill River Road 
Elmsford, New York 10523 
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Composite Screen 
Aircraft Porous Media, Inc. 
32 Sea Cliff Avenue 
Glen Cove, New York 11542 
Finned Tubing 
Micro Extrusions 
2871 LaMesa Avenue 
Anaheim, California 94806 
Minalex Corporation 
Coddington Road 
Whitehouse Station, New Jersey 08889 
Noranda Metal Industries, Inc. 
French Tube Division 
P. 0. Box 558 
Newtown, Connecticut 06470 
Porous Metals 
Union Carbide Corporation 
Satellite Division 
1020 West Park Avenue 
Kokomo, Indiana 46901 
Bi-Metallic Transitions 
Bi-Braze Corp. 
4 Railroad Avenue 
Glen Head, New York 11545 
Working Fluid 
Fig. 6-1. Typical components of a heat pipe 
Noncondensible Gas 
Poss i b 1 e low "K" sec ti on 
Working Fluid 
Transition section __ _, 
Reservoir --... (may contain a wick material) 
Fig. 6-2. Gas-controlled variable conductance heat pipe. 
/ 
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The heat pipe construction may be of any cross section required by the application 
(e.g. circular, square, flat plate, etc.); it may contain external flanges to simplify 
installation and improve thermal interfaces; and it may be bent into various shapes to 
accorm,odate system design. The internal construction can consist of an integral wick such 
as axial grooves extruded into the envelope, or separate wick assemblies made of wire mesh, 
sintered screen, or sintered fibers. Other designs include integral circumferential grooves 
1n combination with a separate central core wick assembly. Several homogeneous and composite 
wick structures are presented in Fig. 6-3. 
A variety of working fluids from the cryogenics to liquid metals can be used in the 
design of heat pipes. Envelope, wick, end cap, and fill tube materials used are selected on 
the basis of compatability with the working fluid, leak tight pressure containment, fabric-
ability, cost, availability, etc. Typical materials used in heat pipe fabrication include 
aluminum alloys, copper alloys, stainless steels, and carbon steels. For high temperature 
liquid metal applications, super-alloys and refractory metals are also employed. 
6.2 MANUFACTURING FLOW PLAN 
The large variety of heat pipe shapes, configurations, wick constructions, working fluids, 
and materials preclude the specification of a single manufacturing process and procedure. 
However, there is sufficient similarity to define a typical flow plan that can be employed in 
any heat pipe fabrication. A typical manufacturing flow chart for a fixed conductance heat 
pipe is illustrated in Fig. 6-4. The process consists of the fabrication and preparation of 
the various components, cleaning (and sometimes surface coating or passivation), assembly, 
welding of the end closures {end cap and fill tube), verification of mechanical integrity 
(leak tightness and possible pressure containment), working fluid preparation, heat pipe 
evacuation and charging with the working fluid and final closure of the fill tube. 
Specific procedures used during each of the major steps outlined above are dependent 
on the shape and geometry of the heat pipe, the wick designs, materials employed for the 
envelope, wick and end closures and the type of working fluid. Typical procedures and manu-
facturing processes are outlined in the following sections. Noteworthy differences· between 
the various types of heat pipes are as follows. 
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(a) Circumferential (b) Circumferential (c) Slab Wick 
Wire Mesh Sintered Fibers/Powders 
(d) Axial Grooves (e) Open Annulus (f) Open Artery 
(g} Closed Artery (h) Circumferential (i) Composite 
Compcsite Slab 
1~\ I/ \ 
I {{ \\ \ 
l\~ ~/~ 
(j) Closed Annulus (k) Grooves (1) Spiral Artery 
Sec. A-A 
(m) Circumferential 
Grooves 
Covered By Screen 
Sec. B-B 
(n) Single Layer 
Wire Mesh 
Fig. 6-3. Typical wick designs 
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Homogeneous 
Wick Designs 
Composite 
Wick Designs 
Secondary 
Wick Designs 
/ 
ENVELOPE 
DRAW MATERIAi. 
FROM STOCK 
MACHINING OPERATIONS 
!THREADING, ETCI 
INSERT 
WICKIN 
ENVELOPE 
ENO CLOSURE & WEI.DING 
MECHANICAi. VERIFICATION 
MECHANICAi. VERIFICATION 
ACCEPTANCE TEST 
WICK 
DRAW MATERIAi. 
FROM STOCK 
CLEAN 
FABRICATE 
CLEAN 
FLUID 
OBTAIN FROM 
STOCK 
PROCESS 
CHARGE 
Fig. 6-4. Heat pipe manufacturing f1ow chart 
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6.2.1 Cryogenic Heat Pipes 
Working fluids for cryogenic and low temperature heat pipes are very often in the gaseous 
state at room temperature. This requires the charging and handling of heat pipes with high 
internal pressures. Proof pressure tests and burst samples are generally specified, and 
proper safety precautions should be implemented. In addition, the charging process consists 
of the transfer of the fluid in a gaseous state with subsequent condensation in the heat pipe. 
6.2.2 Liquid Metal Heat Pipes 
A11 liquid metals except for mercury are solid at room temperature. The charging of 
liquid metal heat pipes requires a transfer station wherein the working fluid is melted under 
an inert environment or vacuum. In addition, special fittings and valves, etc. are needed to 
accomnodate liquid metals. Safety precautions are also required because of the potential 
fire hazards. 
6.2.3 Thermal Control Heat Pipes 
The manufacture of thermal control heat pipes generally requires the fabrication and 
processing of liquid or gas reservoirs and associated wicks together with the standard compo-
nents of the fixed conductance heat pipes. Gas controlled heat pipes also require the addition 
of a non-condensible gas prior to final closure. Thermal control heat pipe designs may also 
require the fabrication and processing of low thermal conductance sections (Low K) between the 
evaporator and condenser and/or between the heat pipe and the reservoir. A low-K section can 
consist of a filament wound reinforced section of the envelope whose wall thickness has been 
reduced to minimize axial conductance. Bi-metallic transition sections (such as aluminum to 
stainless steel} are also utilized to provide low conductance between an aluminum heat pipe 
and a gas reservoir (2). 
6.3 COMPONENT FABRICATION ANO PROCESSING 
The manufacture of a heat pipe begins with the procurement of raw materials 1n accordance 
to the requirements of the design and cornnercia1 availability .. Raw material control is required 
to insure working fluid compatibility and leak tight and pressure tight containment. Materials 
certification and verification as well as working fluid purity are dependent on the level of 
the desired product reliability which should be determined during t~e heat pipe design develop-
ment phase. After the desired materials have been procured, the individual components are 
processed as defined in the following sec~ions. 
239 
Ill Ii 
6.3.l Envelope Preparation 
Although heat pipe envelopes can be made of different cross-sectional shapes, 
conmercially available round tubing is the most corrmon configuration. If no integra~ 
grooves are used, envelope preparation simply consists of cutting the tube to the desired 
length. For designs requiring circumferential grooves, a threading operation employing 
a fine thread tap is often used. Special tools which offset rather than thread the 
material have also been developed (3). 
Extrusion or swaging processes are normally employed to produce axially grooved tubing. 
Grooves have also been milled in flat stock which is then rolled and butt welded into a 
tube fonn. Experience to date indicates that the extrusion process is the best method for 
producing aluminum axially grooved tubing. we·11 defined groove fonns and good dimensional 
control have been achieved. Mounting flanges can be extruded as an integral part of the 
tubing which can simplify interfacing in many applications. In addition, the ability to 
produce complex groove forms with aluminum has·also been demonstrated with the extrusion 
process(~). For the intennediate to high temperature range, materials such as copper 
and its alloys, stainless steels, carbon steels and super alloys are required. The 
swaging process is the only known process which can be used effectively today to produce 
axially grooved tubing in these materials on a cost effective basis. 
6.3.2 Wick Preparation 
If the wick structure is an integral part of a heat pipe {e.g. axial grooves), separate 
operations for the preparation of the wick are not needed. The other wick designs illustrated 
in Fig 6-3 require separate manufacturing and processing prior to insertion into the envelope. 
Typically such wicks are either made of wire mesh, sintered screen or sintered metal fibers 
and powders. The processing of a wire mesh wick consists of cutting conrnercially available 
screen (see Table 6-2) to size and 'then form rolling or stacking multiple screen layers to 
achieve the desired wick geometry. Wicks fabricated of stainless steel screen are usually 
spotwelded together prior to insertion into the envelope. Precautions must be taken in the 
cleaning process to remove any contaminants (e.g. copper) introduced by the spotweJding 
operation. Materials that cannot be easfly spotwelded such as copper or aluminum are usually 
rolled or fonned to a geometry that can be mechanically held·together when inserted into 
the envelope. 
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Wicks can also be fabricated from multiple screen layers which have been sintered 
together to form a slab. Slabs or tubular wick shapes can also be produced by sintering 
metal fibers or metal powders. Fiber and powder wicks have also been sintered directly 
to the envelope wall. 
The important factors to be controlled during wick manufacturing are: 
(a) Cleanliness should be maintained throughout processing to avoid the 
introduction of contaminants. 
(b) _Fanning or sintering processes should be controlled to achieve 
the desired wick properties repeatedly (e.g. penneability) 
and effective pumping pore size). The proximity of wire mesh screen 
layers and intermeshing can significantly affect the properties of 
this type of wick. Similarly, the compacting of fibers or powders 
1n sintered felts also affect wick properties. Wick designs which 
employ wire mesh screen to form liquid flow channels such as 
arteries, annuli, etc., must also be controlled to meet design 
performance. 
(c) The size. shape and geometry of the wick design must be controlled 
to allow easy insertion into the envelope while providing 
sufficient rigidity to maintain the wick in place. "Bridges" are 
used to hold wicR assem6lies in the erivelope as illustrated in 
Fig. 6-3 (1). 
(d) Composite wicks, such as arteries, must be properly sealed (usually 
by spotwelding) to achieve the desired pumping. Integrity of such 
wicks can be verified with hydrostatic tests as described in Chapter 8. 
6.3.3 End Closures 
Typical end closures (end cap and fill tube) are designed to fit the size and shape 
of the envelope. to provide the desired joint for welding, to give adequate strength for 
pressure retention and to provide access to the heat pipe for evacuation and fluid charging 
(f111 tube). A number of end closure designs including butt joint, lipped butt joint, 
fillet joint and lap joint have been used. Fill tubes with various diameters are dependent 
on the weld process and end .closure techniques employed. End closures are produced 
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generally by machining round stock material. The following items are critical in producing 
satisfactory end closures: 
(a) Dimensional control for proper fit with the envelope and also to 
provide the proper thickness ratio for welding. 
(b) The surface finish condition on the inside of the fill tube should 
be controlled to achieve a leak tight mechanical seal during closure. 
6.3.4 Working Fluid 
Working fluids can either be procured to the desired purity or they must be processed 
to remove gaseous and dissolved impurities. Fluid processing typically consists of 
distillation to eliminate solids and high boiling point liquids. Gases and low boiling 
point liquids can be eliminated by refluxing and venting or freeze/thaw cycles. The 
amount of refluxing or number of freeze/thaw cycles is dependent on the desired purity 
level. 
6.4 HEAT PIPE PROCESSING AND FABRICATION 
The processing and fabrication of a heat pipe includes cleaning the envelope, wick, 
end closure and reservoir materials; wick insertion; ·attachment of the end closures; 
possible coating or surface preparation; forming; evacuation and fluid charging. In 
addition, a number of in-process tests as described in Chapter 7 can be performed at various 
stages to verify wick properties and system integrity. 
6.4.l Cleaning 
Just as extreme care is required in selecting proper heat pipe materials to avoid 
compatibility problems, cleaning of the component heat pipe parts is critical to avoid 
similar consequences. As seen in the heat pipe manufacturing cycle in Fig. 6-4, contaminants 
can be introduced into the heat pipe through a dirty wick, dirty envelope, impurities in the 
working fluid, etc. In fact, every operation that is not performed properly can be a source 
of contamination. A sunmary of problems that can arise due to improper cleaning techniques 
is as follows: 
(a) Physical clogging of wall and wick capillary surfaces can impair both 
heat pipe transport and conductance. 
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(b) Non-condensible gas generation reduces both heat pipe conductance 
(loss of condensation area) and transport capacity (bubbles in 
arterial wicks). 
(c) A decrease in the wettability of the wick and corresponding loss 
of pumping. 
(d) Adverse changes in fluid properties, such as surface tension, 
wetting angle, and viscosity. 
(e) The loss of structural integrity of the container wall due to 
galvanic corrosion, crevice corrosion, and porosity. 
Unfortunately, many of these problems cannot be uncovered until the pipe is charged, 
sealed and tested. In some cases a long time can elapse until degradation is noticed. By 
then, it is usually too late to provide corrective action. Hence, thorough cleaning 
procedures must be included in any heat pipe fabrication to prevent these problems from 
occurring and to produce a more reliable product. Moreover, to be cost effective and 
reliable, the cleaning procedure should also be simple and as free as possible from human 
error. 
6.4.1.1 Cleaning the Envelope 
The.heat pipe tube or envelope receives its primary cleaning after dirty operations 
(such as machining) have been completed. Machining will involve cutting the tube to length 
and preparing the ends for welding, and in some cases cutting threads into the inside surface 
to provide a circumferential wick. An assortment of debris such as metal chips, cutting oil, 
grease, moisture, etc., can be expected after machining. The cleaning operation, 
therefore, has a number of aims, namely to: 
{a) Mechanically remove particulate matter, such as metal chips which may 
clog the porous wick material and/or damage the periphery during 
subsequent wick insertion. 
(b) Remove water that can cause corrosion, attacking both aluminum and 
stainless steel, as well as providing a galvanic coupling between the 
envelope and wick if dissimilar materials are used. A buildup of 
243 
Ill I 1 
particulate reaction product~ as well as gas generation are the principal 
results. Loss of container structural integrity due to crevice corrosion 
and porosity may also result from the presence of water. 
(c) Remove contaminants, not necessarily corrosive, but which may impair 
fluid properties and the heat pipe wick. Examples of these contaminants 
. 
are the variety of oils and greases used in metal cutting and removal 
operations, extruding, fonning, etc. These contaminants may coat the 
internal surfaces and increase the contact angle, or may dissolve in 
the working fluid and change its transport properties. 
(d} Chemically clean and prepare the surface so as to be nonreactive with 
subsequent manufacturing environments, the wick, and the working fluid. 
6.4.1.2 Cleaning of the Wick 
Wick cleaning and pretreatment is at least as important as the need for envelope 
cleaning. Obviously gas generation is just as likely to come from a "dirty" wick as from 
other improperly cleaned parts. Oil and grease imbedded in either the fine wire mesh or 
sintered screen material used to construct wicks must be removed to assure proper heat 
pipe performance. Foreign substances conducive to gas generation might be introduced in 
the construction process therein requiring that a cleaning process be employed following 
the wick's fabrication. For example, if a copper electrode is used to assemble a stainless 
steel wick with tack-welds, some copper particles may become imbedded in the screen. To 
remove this material, which is incompatible with arrmonia, a nitric acid rinse would be 
required. However, ft is preferable to eliminate this potential problem by using tungsten 
electrodes. Once the wick has been cleaned, surface passivation and/or pretreatment is 
also often required for both the wick and the container to avoid reaction with the working 
fluid or to enhance wetting. 
6.4.l.3 General Cleaning Procedures 
A variety of methods are currently employed to clean heat pipe envelopes. These include 
solvent cleaning, vapor degreasing, alkaline cleaning, acid cleaning, passivation, pickling, 
ultrasonic cleaning, and vacuum firing. More than one technique may be used in a particular 
cleaning operation. A brief description of some of these techniques follows. A more 
complete presentation may be found in Ref. 1. 
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Vapor Degreasing 
Vapor degreasing is a generic term applied to a cleaning process that typically employs 
the hot vapors of a chlorinated solvent to remove residue - particularly oils, greases and 
waxes. Trichloroethylene is a common solvent. 
A vapor degreasing unit consists of an open steel tank with a heated solvent reservoir, 
or sump at the bottom and a cooling zone near the top. Sufficient heat is introduced into the 
sump to boil the solvent and generate hot vapor. Because the vapor is heavier than air, it 
displaces the air and fills the tank up to the cooling zone where it condenses, thus maintaining 
a fixed level and creating a thennal balance. The condensation of the vapor on the cool work-
piece and the return of the liquid acts to dissolve and remove any grease or residue. 
Some degreasing units are also equipped with facilities for imersing the work in wann 
or boiling solvent and for spraying workpiece surfaces with clean solvent as a supplement to 
vapor cleaning. The efficiency of the liquid phase of the cleaning cycle can be further 
augmented by the application of ultrasonic energy. 
Solvent Cleaning 
Solvent cleaning is a process of removing oil, grease, loose metal chips, and other 
contaminants from the surfaces of metal parts by the use of conmon organic solvents, such 
as aliphatic petroleums, chlorinated hydrocarbons, or blends of these two classes of solvents. 
Cleaning is usually performed at, or slightly above, room temperature. Parts are cleaned 
by being immersed and soaked in the solvent, with or without agitation. Parts that are too 
large to be immersed are sprayed or wiped with the solvent. 
Ultrasonic vibration is sometimes used in conjunction with solvent cleaning to loosen 
and remove residue from deep recesses or other difficult-to-reach areas. This reduces the 
time required for solvent cleaning of complex shapes. 
Although some of the solvents used in solvent cleaning are the same as those used in 
vapor degreasing, solvent cleaning differs 1n that it is convnonly performed at room tempera-
ture. In vapor degreasing. parts may be degreased by exposure to the solvent vapor as well 
as by 1rrmers1on in the hot solvent; drying is accomplished by evaporating the solvent from 
the parts while they are suspended in the hot vapor. In solvent cleaning, parts are dried 
at room temperature or by the use of external heat, centrifuging, or an absorptive medium. 
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Alkaline Cleaning 
Alkaline cleaning is employed for the removal of oily, semi-solid or solid materials 
from metals before they are electroplated, conversion coated, or otherwise finished or 
porcessed. To a great extent, the solutions used in alkaline cleaning depend on their 
detergent properties for cleaning action and effectiveness. Agitation of the solution and 
movement of the workpieces through it, although important, are secondary in their effect. 
The principal methods employed in alkaline cleaning are soaking, spraying, and 
electrolytic. Other methods are variations incorporating the essential features of these 
three. 
A universal (or all-purpose) cleaner is not available because the requirements for 
various cleaning jobs are too diverse and are not mutually compatible. Therefore, compromises 
are made in formulations to fit particular applications. The cleaning effectiveness of 
alkaline compounds is attributed mainly to the action of "builders," which are the principal 
bulk components of the formulation. Most builders are sodium compounds (carbonates, phosphates, 
silicates, and hydroxides), which provide alkalinity and other desirable properties at low cost. 
Acid Cleaning 
Acid cleaning is a process in which a solution of a mineral acid, organic acid, or acid 
salt (possibly in combination with a wetting agent and detergent) is employed to remove oxide, 
shop ~oil, oil, grease, and other contaminants from metal surfaces, with or without the 
applicat'ion of heat. The distinction between add cleaning and acid pickling is a matter of 
degree, and there is often some overlapping in the usage of these terms. In general, however, 
acid pickling refers to a more severe treatment for the removal of scale from semi-finished 
mill products, forgings, and castings. Acid cleaning is the term most frequently used when 
the acid solution is employed for final or near-final' preparation of metal surfaces prior 
to plating, painting, or storage.· 
Ultrasonic Cleaning 
Ultrasonic energy can be used in conjunction with several types of cleaners, but it is 
most cormionly applied to chlorinated hydrocarbon solvents, water, and water with ·surfactants. 
Ultrasonic cleaning, however, is more expensive than other methods because of the higher 
initial cost of equipment and higher maintenance cost. Consequently, the use of this 
process is largely restricted to applications in which other methods have proved inadequate. 
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Passivation 
Treatment of stainless steels after fabrication with oxidizing chemicals is known 
as chemical cleaning, or passivation. If iron particles or other substances have become 
embedded in the surface during fabrication or polishing operations, they must be removed. 
Otherwise, these minute foreign particles ~an promote discoloration, rusting, or even pitting. 
Besides dissolving such particies, the oxidizing action of the bath also tends to enhance 
the corrosion resistance of stainless steels by fortifying the passive natural surface film. 
Passivation is done generally by i11111ersing the stainless steel part fn a nitric acid 
solution and then rinsing in clear running water, and drying. If i11111ersion is impractical 
the acid solution may be applied with a suitable swab and then removed by rinsing with water. 
Nitric acid is recolll11E!nded because it will dissolve any iron or copper particles and leave 
the stainless steel unaffected. It is necessary that the surface of the steel be free of 
scale, heavy grease, and oil if the chemical treatment is to be effective. 
6.4.l.4 Sample Cleaning Procedures 
This section presents sample cleaning procedures for aluminum and stainless steel heat 
pipes that have been utilized in NASA flight hardware during the past four years or more. 
Aluminum Tubes 
NASA Goddard Space Flight Center conducted an extensive development effort to qualify 
axially grooved aluminum heat pipes for the ATS-6 spacecraft (5). As part of this 
effort, cleaning and heat treattng procedures were established for the aluminum tubtng. 
This ·procedure,which is listed in Table 6-3 with slight modifications, is recomnended for 
6061 and 6063 aluminum axially grooved or circumfe.rentially threaded envelopes. The 
procedure is relatively simple, employs equipment generally available to the industry and 
if properly implemented, it will provide a consistently clean surface. 
The procedure requires an initial mechanical brush cleaning with 1 ,1,1 trichloroethane 
of the as received, or threaded tube. This operation is used to dislodge the larger 
particles which subsequent flushing may not accomplish. The solvent, 1,1,1 trichlorethane, 
is safer to use than trichloroethylene,which has already been disallowed in many -states. 
It is also convenient to use, particularly in a through-the-tube flushing operation. A 
non-etch alkaline cleaner (cf. Table 6-4) is next used followed by a chromated deoxidizer 
(cf. Table 6-5). In contrast to a nitric acid/sodium sulfate deoxidizer, the chromated 
deoxidizer is less aggressive and provides a more corrosion-free surface. The tubing is 
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TABLE 6-3. RECOMMENDED CLEANING PROCEDURE FOR ALUMINUM TUBES 
Procedure 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
a. 
9.· 
10. 
11. 
12. 
13. 
(Applicability - Aluminum 6061 or 6063 axially grooved 
or radially threaded tubes) 
Clean in cold 1,1,1 tricholorethane with bristle brush or 
wire extension. Periodically clean brush between strokes. 
Flush internal surface with cold trichloroethane, dry with 
filtered air and cap pipe ends. 
Inrnerse in non-etch alkaline cleaner for 5 mins. (minimum). 
Refer to Table 6-4 for materials, and temperature. 
Follow with a two min. tap water rinse, raising and lowering 
tube during rinsing. 
Imnerse in chromated deoxidizer. Refer to Table 6 -5 for 
material, time and temperature. 
Follow with a two min. tap water rinse, raising and lowering 
tube during rinsing. 
Thoroughly dry inside surface with forced filtered air. 
Rinse with anhydrous isopropyl alcohol. 
Force dry with clean, filtered, dry nitrogen heated to 160°F. 
Cap pipe ends. 
If applicable, insert the wick, rinse with isopropyl alcohol and 
dry as in Step 9. 
If applicable, vacuum outgas tube/wick assembly at elevated 
temperature after welding. 
If heat treating is required after welding: 
(a) Evacuate pipe for 4 hrs. at 600•F and leak check (Note: 
This will accomplish vacuum outgassing of Step 12.) 
(b) Seal evacuated heat pipe. 
(c} Perform heat treat operations on sealed pipe. 
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TABLE 6-4. EXAMPLES OF NON-ETCH ALKALTh'E CLEANERS 
Material Concentration Temperature, 9F 
Ridollne No. 53 2-10 oz/gal 140-180 
(Amchem Products Co.) 
Oakete No. 164 2-10 oz/gal 140-180 
(Oakite Products Co.) 
Kellte spray white 40-60% by volume Ambient 
(Kellte Corp) 
A-38 4-8 oz/gal 160-180 
(Pennwatt Corp) 
TABLE 6-5. EXAMPLES OF CHROMATED DEOXIDIZER SOLUTIONS 
(IMMERSION TYPE) 
Material Concentration Temperature, 9F Immersion time 
Mixture of: 
Cbromated deoxidtzer 2~ oz/gal Ambient to 120 5 to 30 min 
a 
replenisher No. 17 
(Amchem Products 
Co.) 
Nitric Acid 42• Be 10-20% by 
volume 
Mixture of: 
Cbromated deoxidlzer 2-6 oz/gal Ambient 5 to 30 min 
a 
replenisher No. 17 
Sulfuric acid ss• Be · 4-7% by 
volume 
"neoxidlzer make up No. 7 to be used for initial makeup 
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then dried with forced, filtered air; followed by an anhydrous isopropyl alcohol rinse; 
followed again by drying with clean, filtered and heated nitrogen to assure complete water 
removal. 
At this point, if applicable, wick may be inserted into the envelope. Depending on 
the type of wick design and the cleanliness associated with its installation, an alcohol · 
rinse may be appropriate. In applications where the operating temperature may be so0c or 
higher, vacuum outgassing at a temperature above the operating condition is reco11111ended to 
remove absorbed gases. If the aluminum tube is to be heat treated after welding operations, 
Steps 13a, b, and c of the procedure are recorrmended. 
The foregoing procedure is based, in part, on facilities being available for the tube 
lengths and/or configurations being processed. For example, irrrnersion tanks may not be 
available for exceptionally long tubes, and their cost for a "one shot deal II would not be 
justified. Alternate methods such as flushing can be equally effective, but should be 
reviewed by qualified personnel before implementation. 
Stainless Steel tubes 
Although the experience with stainless steel is somewhat limited, it would appear that 
all the processes described in the literature are adequate in that gas generation is insig~ 
nificant for most working fluids, with water being the major exception. However, long-term 
gas ge~eration, particularly at lower temperatures, has not been analyzed as extensively for 
stainless' steel envelopes as it has for aluminum envelopes. 
An examination of the various procedures indicates that ultrasonic cleaning and vacuum 
firing may not be as economical as passivation treatments. Therefore, a passivation treatment 
is reco11111ended for stainless steels principally because of their general use and availability 
in industry. The procedure, given in Table 6-6, is derived from Ref. 1. Table 6-7 lists 
examples of passivating solutions.· 
Note that even though the presence of water on stainless steel is not as corrosive as 
it is on aluminum, extensive drying operations have still been included as an assurance 
against possible contamination later on in the manufacturing process. 
Wick Assemblies 
There is little information available on the cleaning of wicks. Wherever possible, 
the wick material should be the same material or at least come from the same generic group 
as the envelope. This is required to avoid galvanic corrosion within the heat pipe assembly. 
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TABLE 6-6. RECOM11EN'DED CLEA:\'IXG PROCEDURE FOR 
STAINLESS STEEL TUJ1F.S 
[Applicability - Stainless Steel 300 series, radially threaded tubes] 
Procedure: 
1. Clean in cold 1, 1, 1 trichloroethane with bristle brush on wire 
extension. Periodically clean brush between strokes 
2. Flush internal surface With cold trichloroethane, dry with 
filtered air and cap pipe ends 
3, Immerse in passivating solution. Refer to Table 6-7 for 
materials , temperature , and time 
4. Follow with a two min tap water rinse, raising and lowering 
tube during rinsing 
5, Thoroughly dry inside surface with forced filtered air 
6. Rinse with anhydrous isopropyl alcohol 
7. Ferce dry with clean, filtered, dry nitrogen heated to 160-P 
8. Cap pipe ends 
9. ff applicable, insert wick , rinse with isopropyl alcohol 
and dry as in step 7 
TABLE 6-7. - EXAMPLES OF PASSIVATING SOLUTIONS 
Material Concentration Temperature Immersion time 
Nitric acid 35-65% by volume Ambient 30 min to 2 hr 
Mixture of: 
sodium dichromate 1 - 4 oz/gal Ambient 30 min to 2 hr 
or potassium 
dichromate 
Nitric acid 15-30% by volume 
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In all cases, unless the wick is integral with the container, it should be cleaned prior 
to insertion into the tube. Generally the cleaning ;~ocedure employed for the tube material 
will be applicable to the wick. If the wick is a spotwelded assembly, a nitric acid cleaning 
may be required to remove residual copper deposited by the electrodes. Once inserted into 
the tube a degrease or alcohol rinse can be used depending on the amount of handling that· 
was required. 
One ~inal note, whenever an item has been cleaned it should be stored in a plastic 
bag until it is required for further use. The bag should be either backfilled with an inert 
gas or kept in a clean room to avoid contamination from the ambient environment. In general, 
the various operations should be performed in fairly rapid sequence to avoid storage for 
long duration where the possibility of contamination is increased. Similarly, the individual 
operations should be done in proximity to one another to lessen the danger of contamination 
during transportation. 
6.4.2 Heat Pipe Assembly and Closure 
Assembly of heat pipe parts includes welding the end cap and fill tube, and forming 
and inserting the wick if applicable. Since parts have been thoroughly cleaned, they should 
be assembled ilTl!lediately following the cleaning ff practical. Otherwise. cleaned heat 
· pipe parts should be stored in a clean dry atmosphere to prevent contamination by vapor, 
smoket and dust suspended in air. Clean gloves should be worn while handling parts to 
prevent contamination by skin oils and acids. 
6.4.2.1 Wick Forming and Insertion 
Manual forming and insertion of wrapped-screen wicks can be accomplished as follows. 
The assembled wick must not contain wrinkles. To prevent this, the screen can be 
wrapped on a clean mandrel. The ~otal diameter of mandrel and wrapped screen should be 
only slightly less than the heat pipe inside diameter so that the residual stress in the 
coiled screen will force it against the pipe wall when it is released from the mandrel. 
Also, the screen ends must be even, and the screen must be positioned properly so 
tfie tnsta11at1on of end caps will not interfere with or crush tne screen. To insure 
physical contact between the screen layers and the pipe wall, a tapered plug or ball may be 
forced through the wick. A helical spring with an unstretched diameter slightly larger than 
the wick inside diameter is sometimes used to hold the screen layers in contact. It can also 
be installed with the aid of a mandrel. The length of the stretched spring must not greatly 
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exceed that of the installed length or when it is released from the mandrel, axial forces 
may displace the screen. With the wick properly positioned in the pipe, the end caps are 
then welded on. 
6.4.2.2 End Closure Welding 
If the fill tube is not an integral part of the end cap, it should first be welded 
to its end cap. End caps with or without a fill tube are usually welded to the pipe ends. 
High quality welded joints are required at all seams since porosity or cracks in the weld. 
can lead to a loss of the working fluid. To minimize the probability of this failure, 
inspections should be perfonned to verify the adequacy of the seal. A.number of welding 
techniques are available. However, gas torch welds, e.g., using oxyacetylene gases, are 
generally not recorm,ended because of the presence of flux. Oxygen and filler metals tend 
to recontaminate the cleaned parts; tungsten inert gas welding (TIG), either manual or 
automatic, and electron beam welding (EBW) have been found to be satisfactory for heat pipe 
welding. 
TIG welding is an electric arc welding process which uses a sharp tipped tungsten 
electrode surrounded by an annular shield of inert gas flowing from a torch tip. Filler· 
metals are not generally used for heat pipe welding, but they may be integral parts of the 
end caps, e.g., the lip of the lipped butt joint shown in Fig. 6-5 can serve as filler 
metal .. This process does not employ a flux and therefore, TIG welding does not 
contaminate the cleaned heat pipe part. The EB weld is made in a vacuum chamber, and it 
eliminates the formation of the surface compounds from the metal and air. In addition, it 
enables one to produce a welded joint with a minimum heat affected zone, and consequently, 
the joint properties may approach those of the parent metal. Although ideal for heat pipe 
welding, the investment-cost in equipment for EBW may exceed that for automatic TIG by 
more than 100% and that for manual TIG by an order of magnitude. Hence, the choice of the 
welding process is dependent upon the available equipment; and the investment in equipment 
depends greatly upon the quantity of production and the required quality of the products. 
6.4.3 Evacuation and Charging 
6.4.3.1 Outgassing Process 
Prior to charging, a heat pipe must be evacuated to remove materials that may subse-
quently appear as unwanted non-condensibles, or that will chemically react with the working 
fluid to form undesirable corrosion products. The non-condensibles are due not only to the 
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Fig. 6-5. Typical end cap weld joints 
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free gas in the pipe but also to the molecules absorbed on the metal surface. Removal of 
free gases in the pipe can be done simply by pumping down with a vacuum pump. Removal of 
absorbed gas requires the evacuation of the pipe at elevated temperatures. The time required 
to desorb surface contaminants is usually reduced with increased temperature. However, 
metals may lose their strength at high temperature. For example, if the loss of strength· 
cannot be tolerated, aluminum should not be evacuated at a temperature higher than 3S0°F 
(4S0°K). The minimum evacuation temperature for stainless steel has been suggested to be 
4oo°F (478°K). However, if stainless steel is used for a liquid-metal heat pipe, the heat 
pipe operating temperature may greatly exceed 400°F (478°K). A general rule is to evacuate 
the pipe at a temperature greater than the heat pipe operating temperature. The evacuation 
time should be of sufficient duration to achieve a vacuum level of less than 10-2 microns. 
6.4.3.2 Evacuation and Flushing 
Evacuation and charging are two processes that are closely related. Fig. 6-6 shows 
a flow chart for an evacuation and charging procedure used by many heat pipe manufacturers 
(1). The close relation between evacuation and charging can be seen in this chart, and 
these processes are often perfonned within the same equipment set-up. Figure 6-7 shows 
a schematic of a station for both evacuation and charging. A typical procedure is as 
follows: with valve B closed and valves A and Copen, the pipe is first pumped down at 
the am~ient temperature; and then, the pumping is continued while the pipe is heated. The 
temperature of the heat pipe and the pumping time depend, of course, on the pipe material 
and its eventual operating temperature as described in the previous paragraph. This process 
is sometimes called vacuum bakeout. After completion of this vacuum bakeout process, the 
pipe is flushed with a small amount of fluid. For this purpose, the fluid in the charge 
bottle is first heated above the temperature of the heat pipe. Momentary opening of valve B 
then allows a small amount of flusn charge to be dumped into the pipe. After the pipe is 
flushed in this manner once or twice, the pipe is ready for charging .. 
6.4.3.3 Fluid Charging 
Details of the charging process depend on the state of the working fluid at the 
ambient temperature. If the fluid is in the gaseous state at room temperature, such as 
the case for the cryogenic heat pipe fluid, the charge can be introduced from a cylinder 
containing gas of high quality. The amount of charge can be measured by the gas pressure 
in the pipe at room temperature. Hence, the charging process consists of closing valve A 
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Fig.6-6. Flow chart -- heat pipe 
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Fig. 6-7. Schematic of heat pipe 
evacuation and charging station 
and opening valves Band C. When the required amount of fluid has been transferred into 
the pipe, valves Band Care closed. The pipe is then ready for pinch-off and final 
sealing. 
If the charge fluid is a liquid, volumetric displacement or distillation of a 
known amount of fluid is employed. Solids are generally melted and distilled into the 
heat pipe in applications that require high purity and quality. Liquid metals and some 
other fluids may require refluxing at a temperature above the normal operating range, and 
subsequent bleeding before sealing: In some conmercial applications, the liquid or solid 
may be poured into the tube and then the system is evacuated prior to the final closure. 
This method can result in a loss of working fluid, and some means of control, such as 
weight verification might be needed. 
6.4.4 Charge Tube Pinch-Off 
The manufacture of the heat pipe is essentially completed with the exception that the 
pipe has a closed valve attached to the fill tube. It is necessary to sever the pipe from 
the valve and to form a permanent seal. In this process, no gas must enter the pipe and 
no fluid should be lost from the pipe. A closure technique,. which has proven both 
economical and reliable, consists of: 
1. Crimp seal (flatten and pinch) the fill tube to form a temporary 
leak-proof closure. 
2. Sever the valve from the pipe by making a cut in the flattened area 
of the fill tube on the valve side of the crimp seal. 
3. Weld the cut end of the fill tube by TIG or EB welding and remove 
the crimping tool. 
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CHAPTER 7 
MATERIALS COMPATIBILITY 
Long system lifetimes can be insured only by selecting envelope, wick and welding or 
brazing materials which are compatible with each other and with the working fluid. Perfor-· 
mance and system degradation can occur as a result of chemical reaction or decomposition of 
the working.fluid and corrosion or erosion of the container or wick. The most conmon types 
of heat pipe compatibility problems are listed in Table 7-1. It can be seen that certain 
basic questions should be asked when evaluating material fluid combinations. 
(1) Do they react chemically with each other at the operating temperature? 
(This includes the formation of alloys and intermetallic compounds.) 
(2) Will they ~end to set up a galvanic cell? 
(3) Are any of the materials soluble in the working fluid at the operating 
temperature? 
(4) Will any of the structural materials catalyze the decomposition of the 
working fluid at the operating temperature? 
The followin§ sections cover the most conmon types of compatibility problems. However, 
since t~e level of corrosion which can be tolerated in a heat pipe is extremely small, the 
results of most ordinary corrosion studies can be used only as a guide to the intelligent 
selection of heat pipe materials. Each new combination must still be proved by performing 
life tests. 
7.1 LOW TEMPERATURE CORROSION 
Most metals are found in nature as ores, and energy must be supplied to reduce them 
to the metallic state. This suggests that the metallic state is a high energy state; and, 
consequently, metals will generally combine with other substances to revert to a lower energy 
state. This basic process is generally referred to as corrosion. According to thermodynamics, 
the driving force is the difference between the Gibbs Free Energies, ~G, of the reactants and 
products (1). For any reaction, tG is related to the equilibrium constant, Ke, for the reaction: 
~G • - RT tn Ke (7-1) 
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TABLE 7-1. GENERAL COMPATIBILITY PROBLEMS IN HEAT PIPES 
Effects Causes 
Noc.condensing gas reaction product 
Decrease in Heat Pipe 
Conductan·ce Outgassing of container, wall, wick, or fluid 
Decomposition of working fluid generating 
noncondensing go.s 
Wick plugged with solid precipitate and 
unable to transport working fluid 
Fluid flow disrupted by gas bubbles in wick 
Decrease of wick wettability due to chemical 
Decrease in Heat Pipe reactions 
Transport Capability Decrease in surface tension of liquid due to 
dissolved reaction products 
Increase in viscosity of fluid due to dissolved 
reaction products 
Wick dissolved and unable to transport work-
ing fluid 
Galvanic corrosion of container wall 
Failure of Conta!ner Wall 
Solubility o{ container wall in working fluid 
The reactions involve the transfer of electrons between the chemical species. A definite 
electromotive force is associated with such an exchange between two species. The emf is 
related to the Gibbs Free Energy by: 
~G • - n FE (7-2) 
where Fis the Faraday number and n is the number of electrons transferred. The combination 
of Eqs. 7-1 and 7-2 yields: 
For the reaction, 
E ., R T tn Ke IT 
A+S~ C+D 
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(7-3) 
(7-4) 
II 
111 IT 
.. / 
Eq, 7-3 would be expressed as: 
R T (C) (0) 
E = nF tn (A) (B) (i-5) 
Thus, if the reaction expressed by Eq. 7-4 proceeds to the right, the product of the 
concentrations of C_and Dare larger than the product of the concentrations of A and B. The 
electromotive force, E, is then positive. Similar reasoning shows that if the reactants are 
present to a greater extent than the product at equilibrium (the reaction does not occur) the 
emf will be negative. 
Extensive tables which iist the characteristic emf for different electrochemical 
reactions in various soluti.tms are presented in References (1), (2}, and {3}, A short li_st of 
some comon materials in the order of their decreasing activity in aqueous solutions is given 
in Table 7-2. The rea:,der is referred to Ref. (1) for a thorough discussion of the utilization 
of such data. Special attention must be given to determine whether the tables being used give 
oxidation or reduction reactions in'their format, since the emf's are of opposite sign in 
the two cases. The farther apart two materials are in this table, the more likely they are 
to cause a corrosion reaction if they are exposed to a co111non liquid bath. 
The fact that the emf indicates thut a reaction can take place does not necessarily mean 
that it wi.11 occur. In electrochemical reactions, the rate is generally determined by the 
current flow; and this is subject to many variables (4}, e.g., surface configuration, deposi-
tion of products, diffusion rates of current carrying species. etc. Thus. even though 
thermodynamic considerations indicate that the reaction should proceed spontaneously. kinetic 
factors may·cause it to proceed at an extremely slow rate. Emf differences can occur between 
different co~centrations of a single species as well as between separate species (1). Different 
concentrations of a single species occur in a heat pipe between the condenser and the evaporator 
because of the cpncentrating effect of the evaporator process on dissolved materials. 
In water heat pipes the presente of a small amount of dissolved air is very detrimental. 
not only because the air is swept to one end of the heat pipe to act as a gas plug, but also 
because the presence cf oxygen in aqueous solutions generally increases the reaction rate 
of galvanic processes {4). 
Some metals owe thPir stability to the presence of a ~ontinuous coat of oxfde, usually 
• amorphous, on their surfaces (5). This is the case for aluminum, stainless steel, and the 
super-alloys (Inconel, Haste11oy; etc:). Aluminum is protected by a tightly adhering layer of 
aluminum oxide. while the alloys are covered with an amorphous layer of chromium oxide. As 
long as these coatings remain intact the ·metals tend to be very unreactive. But, if they are 
exposed to substances which dissolve the oxide, they generally corrode rapidly. (For instance, 
aluminum is attacked rapidly when exposed to a sodium hydroxide solution.) 
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TABLE 7-2. 
!\late rial 
Magnesium 
Zinc 
Alclad 3003 
Aluminum Alloys 
Cndmlum · 
A)uJlllnum Alloys 
Aluminum Alloys 
Steel 
Iron 
Iron 
Stainless Steel 
Solder 
Stainless Steel 
Stainless Steel 
RELATIVE ELECTROCHEMICAL ACTIVITY GF SOME COMMON MATERIALS RELATIVE TO HYDROGEN 
Alloys/ Condition EMF Material Alloys/Condition 
0. 2:1 Lead 
0.23 Tin 
Clad with 6061, 7075 0.20 Nickel Active 
5056, 3003, 1100, 6061-TG 0.20 lnconel Active 
-0. 18 Copper 
7075, 6061-T4 -0.20 Bismuth 
2014-'1'6, 2024-T3 -0.24 Stainless Steel 304 (Passive) 
Mild · -0. 24 Stainless Steel 316 (Passive) 
Wrought -0.24 Nickel Passive 
Cast -0.24 Inconel Passive 
410 (Active) I' 
I 
-0.79 Silver 
50% Tin, 50% Lead -0.82 Chromium Complete Surface Oxide 
304 (Active) -1.3 Gold 
316 (Active) -1. 3 Plallnum 
\ 
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7.2 HIGH TEMPERATURE CORROSION 
7..2.1 Oxygen Corrosion 
If a metal does not form a tightly adhering coating of oxide, it will often corrode 
in air at an accelerating pace as the temperature is increased. This is due to the direct 
oxidation of the base metal. The exact mechanism of attack is still argued (4) (6). 
The presence of oxides (or other impurities) can also affect the corrosion resistance 
in other ways. Some oxides (especially alkalies) can dissolve a protective coating off the 
base metal and thus increase the rate of reaction, while other oxides can form tightly 
bcund barrier coatings and thus inhibit corrosion. Brewer (7) gives thermodynamic data on 
many oxides. From the values of the free energies of formation, estimates can be made of 
the relative stabilities of the oxides of the fluid and the structural materials (8) (9). 
Use of these properties ha$ been made in the purification of some liquid metal heat pipes 
as discussed in Refs. (10) and (11). 
7.2.2 Simple Solution Corrosion 
A col!lllon phenomenon is the formation of a simple solution of the container material 
in the liquid. This type of corrosion leads to uniform thinning of the wall unless some 
( constituents of the alloy are preferentially dissolved. In this latter case the surface 
becomes pitted. Attempts have been made to treat such solution attacks theoretically, but 
the rather involved equations which result are usually of such a nature that errors of a 
few percent in some of the physical properties used result in errors of orders of magnitude 
in the prediction of the solution rates (12). 
Nonnally, the rate of solution is limited by the mechanisms involved in transferring 
the solid atoms (molecules) into the bulk of the solvent. This transfer involves two 
steps: the crossing of a surface barrier, and ~he diffusion through the boundary layer 
in the liquid. If the first step is the controlling one, then the rate of corrosion will 
be independent of the rate of circulation of the work fluid. However, if the second 
mechanism is controlling, the hydrodynamic conditions can have a more pronounced effect on 
corrosion rates. Thus, if the flow rate is such that diffusion will not occur against it, 
the solution will become saturated at the evaporator as the solvent continues to become 
·vapor and solute particles will precipitate out. Normally, the most significant effect of 
thfs type of corrosion is the plugging of the flow channels rather than loss of metal at 
the opposite end of the heat pipe. With low flow rates, a reverse effect can be observed 
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in which the wall material dissolves readily at the hot end; but diffusion results in a 
solution at the lower temperatures of the condenser, which then becomes plugged. 
Another type of concentration gradient mass transfer can occur if metals which can 
form alloys or compounds are used in the heat pipe. Then, if one metal dissolves and is 
transferred in the fluid to where it can form an alloy or compound, it will never build up 
to a high enough concentration in the liquid to slow or stop the rate of solution; and 
thus failure will occur as a result of the destruction of the wick or the formation of a 
hole in the container wall. 
7.3 EXPERIMENTAL RESULTS 
The- discussions earlier in this chapter have indicated some basic compatibility 
considerations which must be taken into account to narrow down the list of candidate 
materials for use in particular heat pipe design. However, it has been found through 
experience that many supposedly minor factors can profoundly affect the compatibility. 
Therefore, experimental results remain an important part of heat pipe materials technology. 
Table 7-3 su11111arizes currently available experimental findings for various material 
combinations. Some of the tests which were used to establish this reference chart are 
sumnarized in Table 7-4. In Test Number 91 deoxidized Nb-lZr wall was prepared by cutting 
off the evaporator section after the heat pipe had operated 95 hours at 1soo0 c. The 
"deoxidizep 11 pipe which was thus formed showed very little corrosion other than some Zr 
depletion. Some grain growth occurred and the evaporator section exhibited some swelling, 
but this is a phenomenon separate from that of corrosion. 
Experiments 13-22 represent the suggested technique of adding, to the working fluid, 
metals which exhibit higher free energies of formation for their oxides so as to "getter" 
the oxygen in the system. Except f~r calcium, all of the additives apparently accelerated 
the corrosion process. This is rather surprising since all of these materials have ~G's 
of -130 to -144 kcal/mole of oxygen. Some penetration of lithium into the Nb walls was 
also found in these tests. 
The highest operating temperature thus far attained has been 2000°c with Re/Ag and 
W-26 Re/Ag heat pipes (Numbers 43 and 44). The latter exhibited negligible corrosion 
after 1000 hours. The rhenium pipe failed after only 365 hours, but the evidence points 
to the presence of foreign inclusions in the Re as the cause of failure. 
pure Re pipes would seem to be capable of extended operation at 2000°c. 
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If this is so, 
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TABLE 7-3. GENERALIZED RESULTS OF EXPERIMENTAL COMPATIBILITY TESTS 
ai 
ai ~ 
Q) Cl) 
~ 't:I § ~ Cl) 
Cl) e .5 Q) ... 
-
=I~ 
Ill e = 't:I Ill 
= s 0 ctl < o,o ... ~ C.) .!:: : C.) ~ 
Water I c• C 
Ammonia C C C C 
Methanol I C C C C 
Acetone C C !C C 
Freon -11 C 
Freon - 21 C C 
Freon - 113 C 
CG F6 C 
n-butanc C ! I 
n-pentanc C Ci I I 
n-hcptanc C 
Benzene C 
Toluene I I 
Dowtllerm A C ,c 
Dowtherm E I C~I IC I 
DC 200 C C ;c 
DC 209 C 
Perchloroethylene C 
Dimethyl sulfide 
I C 
Monsanto CP-9 C 
Monsanto CP-32(pyridene) I I C 
Monsanto CP-34 I 
Lithium I 
Sodium 
. C 
Potassium I 
Cesium 
Mercury C# 
Lead I 
Indium I 
Silver 
C = Compatible 
I = Incompatible 
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• Sensitive to Cleaning 
# I with Austenitic SS 
No. \\'nil-Material Fluid 
l cvoLw Ll 
2 W-26Re Ll 
TZM2 ' 3 Ll I 
4 TZM Ll 
5 TZM Ll 
6 TZM Ll 
7 Nb-lZr Ll 
8 Nb-lZr Ll 
9 Nb-lZr Ll deoxldized 
10 Nb-lZr Ll 
11 Nb-lZr Ll 
12 Nb-lZr Ll _, 
13 Nb-lZr Ll-13Ca 
H Nb-lZr Ll-40Pr 
15 scs3-Ta Li 
16 Ta Ll-13Ca 
17 Ta Ll-40Pr 
18 Ta Ll-0. 5Y 
TABLE 7-4. HEAT PIPE LIFE TEST DATA 
Test Hours 
Temp. of Ref. Remarks 
(OC) Operation 
1600 1.000 12 No failure 
1600 10,000 13 No failure 
1560 4,600 14 Evaporator leak 
1500 10,526 15 Weld leak 
1500 10,400 16 Weld failure ln end cap 
1500 9,800 16 Weld failure ln end cap 
1600 132 17 
1500 9,000 12 
1500 1,000 18 Grain growth, Zr loss, swelllng 
1350 2,300 19 
llOO 4,300 20 
1000 3,670 12 
1500 1,000 21 Grain growth, Zr loss, swelllng 
1500 52 21 Evaporator leak 
1600 1,000 22 No failure 
11100 208 21 Evaporator leak 
1600 94 21 Evaporator leak 
1600 21 21 Evaporator leak 
\ 
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TABLE 7-4. HEAT PIPE LIFE TEST DATA (Continued) 
Test · Hours 
No. Wall Material Fluid Temp. of Ref. Remarks 
(°C) Operat1011 
19 Ta Ll-3Y 1600 607 21 Evaporator leak 
20 Ta Ll-15Y 1600 146 21 Evaporator leak 
21 Ta Ll-0. 55 Sc 1600 357 21 Evaporator leak 
22 Ta Ll-15 Sc 1600 16 21 Evaporator leak 
23 Nb-lZr . Na 1000 1,000 12 No failure, terminated 
24 Nb-lZr Na 850 16,000 13 Contlnuing 
25 304 SST Na 800 12,760 16 No failure, terminated 
26 316 SST Na 771 11,860 16 Failed, pinhole In evaporator 
27 347 SST Na 750 1,500 11 No failure, terminated 
28 304 SST Na 732 11,500 22 No failure, terminated under program 
29 Ni Na 800 13,755 16 No failure, terminated 
30 Haynes 25 Na 732 12,000 22 No failure, terminated under program 
31 Hastelloy-X Na 715 33,100 16 · 
32 347 SST K 510 _ 6,500 11 No failure, terminated 
33 Nl K 600 41,000 16 Gas controlled 
34 Nl K 600 10,000 16 Gas controlled No failure. terminated under contract 
35 Ni K 600 6,000 16 Gas controJled No fallure. termlnatrul under contract 
36 ~-lZr Cs 1000 1,000 12 Terminated, no failure 
TABLE 7-4. HEAT PIPE LIFE TEST DATA (Continued) 
Test Hours 
No. Wall Material Fluid Temp. or Ref. Remarks 
(°C) pPeratlon 
3'1 Nb-lZr Cs 860 5,000 13 
38 Tl Cs 400 2,000 20 No fallure, termlnated 
39 Ta-l0W Ca 1700 1,000 23,24 Reflux capsule 
40 304 SST Hg 340 32,000 16 
41 347 SST Hg 330 10,000 11 No !allure, termlnated 
42 Re Ag 2000 365 25 Evaporator leak 
43 W-26Re Ag 2000 1,000 13 No fallure 
-
44 w Ag 1900 335 26 
45 Ta Ag 1900 100 20 
46 Ta Ag 1900 1,000 26 W wick, no failure 
47 Ta Pb 1600 1,000 12 No failure 
48 CVD-W Pb 1600 1,000 12 No failure 
- 49 Nb Pb 1600 3 17 Falled 
50 Nb-I Zr Pb 1615 23 17 Failed 
51 Nb-lZr Pb 1600 19 17 I Falle<l 
52 NB-lZr Pb 1570 51 17 Failed 
53 w In 1900 75 20 
54 Cu n2o 150 20,420 16 Conlinulng 
J 
TABLE 7-4. HEAT PIPE LIFE TEST DATA (Continued) 
Test • Hours 
No. Wall Material Fluid Temp. of Ref. Remarks 
(oC) Operation 
55 Cu H2O 130 > 1,400 27 Cu bronze wlck, Continuing 
56 Cu H2O 115 > 2,100 27 Cu bronze wick, Continuing 
57 Cu H2O 100 19,490 16 Continuing 
58 <..u (OFHC) H2o 33 4,000 28 Triply distllled H2O, Continuing 
59 Cu H2o 80 21,360 16 Continuing 
60 
' Cu H2O 34 13,200 29 Continuing 
61 321 SST H2O 164 570 29 Gas generated, corrosion on walls (but see #62) 
62 347 SST H2o 91 15,000 30 Terminated 
63 SST H2O 65 8,500 22 Gas generated 
64 SST H2o 135 26,244 31 Much gas, Refrasll wick 
65 SST 
' 
H2O 3,744 31 Refrasll wick, terminated 
66 304 SST 1120 35 7,000 28 KOH passivated, much gas generated 
67 Ni (oxidized) 1120 38 7,000 28 Much gas generated 
68 lnconel 600 H2O 38 14,000 28 Gas generated (oxidized lnconel) 
69 Titanium H2O 35 14,000 28 No wick (oxidized Tl), Continuing 
70 Cu Methanol 70 > 700 27 Cu Bronze wick, Continuing 
71 Cu Methanol 74 24,158 31 Refrasll wick, Continuing 
72 Brass Methanol 60 > 800 27 Cu Bronze wick, Continuing 
-N 
a,, 
'° 
No. 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
Wall Material 
Al 6061-T6 
Al 6061-T6 
304 SST 
304 SST 
304 SST 
304 SST (oxld.) 
316 SST 
Sb'T 
Fe 
Nickel 200 
SST 
Al 6061-TG 
Al 6061-T6 
Al 6061-TG 
Al 6061-T6 
Al 
Al 
SST 
. 
TABLE 7-4. 
Test 
Fluid Temp. 
(°C) 
Methanol 46 
Methanol --
Methanol 62 
Methanol 40 
Methanol 40 
Methanol 40 
Methanol 46 
Methanol 60 
Methanol 33 
Methanol 35 
Ethanol 60 
NH3 71 
I NH3 47 
NH3 42 
NH3 49 
NH3 48 
NH3 48 
NH3 46 
HEAT PIPE LIFE TEST DATA (Continued) 
Hours 
of Ref. Remarks 
Operatloll 
4,000 28 Gas generated, SST wick 
-- 32 Generated gas during setup 
>14,250 29 Continuing 
16,000 28 Specially dried Methanol, Continuing 
16,000 28 Spectrophotometric Methanol, Continuing 
16,000 28 Spectrophotometric Methanol, Continuing 
8,000 28 Sllght gas generation 
: > 1,650 27 Continuing 
> 8,250 29 Continuing 
6,000 28 Specially dried Methanol, Continuing 
> 1. 550 27 Continuing 
500 32 Al wick, no fallure, terminated under contract 
10,800 29 SST artery w.lck, radial grooves 
2,373 29 No failure, terminated under contract 
14,000 , 28 SST wick, 99. 999% NH3, Continuing 
18,120 31 Al felt wick, Continuing 
18,120 31 Ni felt wick, Conttnulng 
18,900 31 
N 
..... 
0 
No. 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
Wall Material 
SST 
Fe 
Cu 
Brass 
Al 
Al 
Al 6061-TG 
304 SST 
SST 
Al 6061-TS 
Al 6061-T6 
SST 
Al 6061-TO 
Al 6061-TO 
Al 6061-TG 
Cu 
Al 6061-TG 
Al 6061-T6 
TABLE 7-4. 
Test 
Fluid Temp. 
(OC) 
NH3 47 
NJl3 35 
Acetone 74 
Acetone 60 
Acetone 110 
Acetone 71 
Acetone 33 
Acetone 87 
Acetone 60 
n-Butane 66 
n-Pentane 158 
Hexane 60 
n-lleptane 161 
Benzene 158 
Toluene 162 
CsF6 100 
Freon 11 106 
Freon 11 69 
.-.... , 
' I 
HEAT .PIPE LIFE TEST DATA (Continued) 
Hours 
of Ref. Remarks 
Operatlot 
18,900 31 
>18.300 29 Continuing 
24.158 31 Some gas. Refrasll wick, Continuing 
>800 27 Continuing 
1,700 16 Continuing 
9,936 31 SST, (lber wick, no failure. terminated 
4,000 28 Gas gene rated 
14,500 16 Continuing 
1,500 · 27 Continuing 
500 32 Al wick, no failure, terminated 
570 32 Al wick, slight fluid discoloration, terminated 
>l, 200 27 Continuing 
600 16 Al wlck, no failure, terminated 
570 16 Al wick, no failure, terminated 
600 32 Small 6 T developed. terminated 
24,980 31 Refrasll wick. Continuing 
500 32 No fallure, terminated 
500 32 No failure, terminated 
N 
" ... 
No. 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
12-l 
125 
1:w 
Wall Material 
Al 6061-T6 
Al 6061-T6 
Al 6061-T6 
Cu 
Cu 
Cu 
. 
SST 
Brass 
Steel cold rolled 
Cu 
SST 
Cu 
Cu 
Cu 
Al 
Cu 
Cu 
Cu 
TABLE 7-4. 
Test 
Fluid Temp. 
(°C) 
F-21 '41 
Freon 113 107 
Freon 113 69 
Dow-A 160 
Dow-A 156 
Dow-A 149 
Dow-A 150 
Dowtherm E 121 
Dowtherm E 121 
Dowtherm E 110 
Dow-E 128 
Dow-E ~140 
Dow-E 182 
DC-200 108 
DC-200 104 
Oow-209 110 
CP-9 149 
Pyrldcnc CP-32 98 
HEAT PIPE LIFE TEST DATA (Continued) 
Hours 
of Ref. Remarks 
!Operation 
10,000 28 Slight gas generatlon 
500 32 No failure, terminated 
500 32 No failure, terminated 
20,500 31 No failure, terminated for exam., Refrasll wick 
26,830 31 Refrasll wick, Continuing 
26,644 31 Refrasll wick, Contlnulng 
22,376 31 RefrasU wick, Contlnulng 
20,500 29 Gas generated after 5850 hours 
20,500 29 Gas generated after 4680 hours 
>20, 500 29 Continuing 
31,098 31 No failure, removed for analysis 
31,270 31 Sintered Cu wick, Continuing 
41,460 31 SST wick, Continuing 
23,000 31 SST wick, very slight mass transfer to evap. No failure. terminated for examination 
18,021 31 NI wick, Continuing 
40,414 31 Sintered Cu wick, Continuing 
33,460 31 Rcfrasll wick, Continuing 
101 810 31 Cu felt wick, Continuing 
TABLE 7-4. HEAT PIPE LIFE TEST DATA (Continued) 
Test Hours 
No. Wall Material Fluid Temp. of Ref. Remarks 
(°C) Operallor 
127 Al G061-T6 Pyrldene CP-32 159 550 32 .6 T developed, deposits, discolored 
128 Al 6061-T0 Monsanto CP-34 160 550 32 Gas generated, discolored fluid 
129 Cu Perchloro- 93 16,670 31 Refrasll wick, Continuing ethvlene 
-
130 Cu Dlmethylsulflde 100 15,634 31 Some gas, Refrasll wick. Continuing 
N 
....,. Notes to Table 7 -4 
N 
1cvn = chemical vapor deposition 
2TZM = Mo-0. 8Zr-0. STl-0. 03C 
3sos = stabilized gra.ln s lze 
In the intermediate temperature range (500 - 1000°c). sodium has been amply demonstrated 
to be compatible with stainless steels, nickel, and several of the super-alloys (Numbers 
25 - 31). A1so in this temperature range is the longest successful life test reported to 
date--nearly five years of continuous operation for a Ni/K system at soo0 c (Number 33). 
In the low and intermediate ranges and in some cases up to 700°C, the available 
data indicate that nea~ly unlimited operation can be obtained with a whole series of 
materials, provided care is taken to eliminate impurities from the system. This is 
demonstrated rather graphically by a comparison of Numbers 61 and 62. In the first 
case, gas began to appear in the system soon after the start of the test; but, when the 
system was very thoroughly cleaned and outgassed, no signs of deterioration were observed 
after 3000 hours of testing. Other very good systems in this temperature range are 
304 SST/Hg, Cu/H20, Al or Fe/NH3, SST or Fe/Methanol, Cu/Dowthenn E, and Al/Freons. 
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CHAPTER 8 
HEAT PIPE TESTING 
A variety of tests are required to evaluate the performance characteristics of a 
heat pipe and to establish the reliability of a given design. Tests with individual 
elements of a heat pipe. such as the fluid, wick, and container are often conducted as 
part of the.heat pipe development to establish properties such as effective pumping, 
permeabtl i_ty, and burst pressure, etc. Once prototype designs have been developed 
various aspects of quality assurance are generally imposed. Leak tests and proof pressure 
tests are conducted to insure component integrity. After the heat pipe assembly has been 
completed, thermal performance tests are conducted to establish heat transport and heat 
transfer characteristics. Additional tests are required to verify the different control 
features of variable conductance heat pipes. Finally, life tests are also conducted in 
many cases to establish materials compatibility and operating lifetime. This chapter 
sunmarizes the different test methods and test set-ups and equipment that have been used 
in the development of heat pipes. 
8.1 HEAT PIPE COMPONENT TESTS 
The ability of a heat pipe to meet performance objectives is dependent on a number of 
factors as discussed in Chapters 2 through· 4. Often, only limited data is available to 
evaluate the performance of the selected fluid/wick/container combination. Component level 
tests which are performed to determine applicable fluid, wick or container properties are 
discussed below. 
8.1.1 Fluid Properties Tests 
The properties of any fluid cah be obtained from a number of standard test methods. 
The thermophysical properties of most fluids are usually well documented in the literature 
(see Volume II) and basic property measurements are not required. However, two factors which 
are often not readily available in the literature are the wetting behavior (contact _angle) 
and compatibility of the working fluid with wick and/or container materials. 
8.1.1. l Contact Angle Measurement 
The contact angle is dependent on a number of factors including surface tension, 
material properties, surface preparation and cleaning. Several methods exist for measuring 
contact angle including sessile drop (l, 2, 3), tilting plate (4, 5, 6), porous plug (7), 
...... 
cylinder (8), and wetting balance techniques (9). One of the most accurate and reproducible 
techniques is the tilting plate method which is illustrated schematically in Fig. 8-1. 
Typically, a plate several centimeters wide is dipped into the test liquid and rotated until 
the liquid level remains perfectly horizontal up to the surface of the plate. For this 
condition the inclination of the plate relative to the liquid surface is the contact angle; 
Horizontal~~ 
Liquid Level at 
Intersection 
Fig. ·s-1. Schematic of tilting plate method for contact 
angle measurement 
An advantage of this test method is that ft can be readily adopted to measure 
contact angle with a variety of fluids including cryogenic liquids. Figure 8-2 illustrates 
a test set-up which was successfully used to measure wetting angles of cryogenic fluids (10). 
Basically it consi.sts of dewar with viewing ports which allow isolation of the test speci-
men and working fluid from the environment. The dewar is vacuum insulated and equipped with 
cooling coils to maintain the desired test temperature. An optical system which permits 
viewing of the contact angle within the enclosed dewar consists of a light source and 
slit, condensing lens, objective lens and a screen mounted on two optical benches. The 
image of the slit fs focused on the surface of the liquid at approximately the center of 
the sample. The surface of the liquid defracts the image which is then projected into a 
ground glass screen. The resultant image on the screen is that of the liquid surface shape 
at the sample interface. With this method, contact angles can be determined by both 
direct observation using only the condenser lens and indirect observations wherein the 
image on the screen is used to establish when the liquid surface is horizontal at its point 
of intersection with the solid. 
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Light 
Source 
-
Slit 
a ---:-
--- . 
Condensing 
Lens 
--
--
--
Fig. 8-2. Schematic of optical system for contact angle 
measurements 
8.1.1.2 Materials Compatibility Test 
Objective 
Lens Ground Glass 
Screen 
Since the level of corrosion which can be tolerated in a heat pipe is extremely 
small, the results of most available corrosion studies can only be used as a guide in the 
selection of compatible heat pipe materials. In order to insure long system lifetime, 
\ compatibility must be established for any given material conbination at operating conditions 
which are representative of typical heat pipe applications. Materials compatibility and 
stability may affect the performance of the heat pipe in various ways. In most instances, 
an internal reaction will result in the production of a non-condensible gas which will 
separate from the working fluid vapor phase and collect in the condenser. This effectively 
reduces the condenser heat transfer area and results in a non-isothermal temperature 
profile. Since even small quantities of non-condensible gas can result in measurable 
temperature differences at the end of the condenser, non-condensible gas generation can be 
used as one method to determine materials compatibility. 
Heat pipe material compatibility tests are performed very often with gravity reflux 
test capsules as illustrated in Fig. 8-3. The capsule is fabricated of the same material 
as the heat pipes and processed in the same manner. Wick material is also introduced in 
these capsules to establish representative heat pipe design conditions. Testing consists 
of applying heat at the bottom of the capsule and removfng it from the top. Heat is usually 
applied with an electrical heater wound around the test capsule and is removed by natural or 
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forced air convectiOfl; or by means of clamp-on chill blocks depending on the desired 
operating temperature and heat flux conditions. Thermocouples are attached along the 
length of the heat pipe to measure th~ temperature profile as a function of time. The 
adiabatic section thermocouples (Ta) provide the saturated vapor temperature of the working 
fluid from which the saturation pressure inside the capsule can be established. The 
condenser thermocouples_ (Tc) establish the location of the non-condensible gas interface and 
the tempera~ure profile of the blocked condenser section. With these measurements, the 
amount of gas generated can be detennined from the Ideal Gas Law: 
where: 
m • Amount of gas generated (gm-mole) 
vbc 
R 
• Internal pressure based on the working fluid property and 
adiabatic section temperature (Ta} (N/m) 
• Volume of the blocked condenser region (m3) 
• Universal gas constant (J/gm-mole - °K} 
Tbc • Average temperature of the blocked condenser section (°K) 
{8-1} 
If-the thermal conductance of the sample is significant, a representative average temperature 
of the blocked region may not be readily obtained and an integrated value may be 
required· to accurately establish the amount of gas generated. Al so, if the internal 
pressure at the selected test temperature is significant, or when gas generation rates are 
very small, test specimens are often cycled down in temperature to establish a sufficiently 
large blocked condenser region for easier or more accurate temperature profile measurements. 
A large number of factors, as sumnarized in Table 8-1, can influence the results of 
compatibility tests. The type of ma.terials used, the fluid purity, and· the cleaning and 
processing procedures should be representative of typical heat pipe designs and fabrication 
processes. The container, including any valve retained for gas sampling, should ~e leak 
tight to avoid loss of any generated non-condensible gas. Permeability of the container 
wall material to gases (i.e., hydrogen) should be considered espectally if any decreasing 
rate of gas evaluat'ion is noted (11). Finally, reaction rate dependence on both the heat 
flux and the operating temperature have been well demonstrated (12, 13). The test capsule, 
therefore, should be operated at heat loads and temperatures which are typical of the heat 
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pipe application. Elevated temperatures may also be included in a test program to obtain 
accelerated test conditions for long life compatibflity predictions (.14}. 
Valve - for charging and 
noncondensible gas sampling 
I 
I 
I,.,__ _ _ ! Condenser Instrumentation (Tc) 1,--
Test , I 
Capsule---+--_-.... : .... : I 
~: :·<· I 
Insulation ----1 • · .. I 
•.: ·."· I 
. : . I 
.. 
Heater 
... 
1 .· . , I -·. ·. 
I : : : : ., . •. 
I ·:. : . : .. •'. 
I :. -: : 
. . 
. ... : . 
... 
o----+.;._.-+-t~"Tl 
. ;_.: .· : ··. ·• :. 
I Adiabatic section Instrumentation (Ta) 
Evaporator 
Instrumentation 
(Te) 
Fig. 8-3. Gravity reflux compatibility test capsule 
TABLE 8 -1. VARIABLES AFFECTING HEAT PIPE COMPATIBILITY TESTING 
WORKING FLUID CONTAINER 
- Purity 
- Solubility 
- Stability at Temperature 
- Material Make-up 
- Surface Condition 
- Cleanliness 
- Leak Tightness 
!!'.fil 
- Gas Permeability 
- Material Make-up 
- Surface Condition 
- Cleanliness 
TEST CONDITION 
- Test Temperature and Pressure 
- Heat Flux 
- Instrumentation Accuracy 
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8.2 WICK PROPERTY TESTS 
As discussed in Chapter 4, the wick permeability (K) and effective pumping 
radius (rp) can be accurately predicted for well defined capillary structures such as 
cylindrical, rectangular, annular and axially grooved flow channels. For wire mesh screen 
and wicks fabricated of fibers or powders, experimental data is required to ascertain wick· 
properties. Much of th~ available wick test data summarized in Table 4-6 was obtained by 
various tec~niques as discussed below. 
8.2.l Effective Pumping Radius 
Several investigators (15, 16, 17, 18) have used the technique of measuring the 
maximum height (h)towhich a·liquid wjll rise in a wick material when the bottom of the 
material is irrmersed in the liquid. The effective pore radius can then be determined 
using: 
• 2 o cos e 
r P P9. g h (8-2) 
This method measures the smallest pore size present and thus tends to predict higher 
capillary pressures than will be representative of a non-homogeneous wick having varying 
pore sizes. 
Variations of up to 25% have been found (16) between the maximum heights attained 
with ri~ing liquid levels in a dry wick and falling liquid levels in a saturated wick. 
This effect has been attributed to the existence of unevenly sized passages in the wick 
(sections of predominantly "large" passages interspersed with other sections of pre-
dominantly "small" passages, as illustrated in Fig. 8-4). The maximum rising height is 
reached when a section of "large" passages is encountered. However, the falling liquid 
1n a saturated wick can fonn menisci with smaller radii at a higher height and thereby 
maintain a liquid column at this height even though a section of "too large" pores exists 
at a lower height. Thus. two measurements of the maximum wicking height on the same wick 
sample can yield very different values for the effective capillary radius, and care must 
be exercised before applying the data to the design of heat pipes. The conservative 
approach is to use the effective pore radius corresponding to the rising liquid level. 
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Rising Meniscus (Ory Wick) Falling Meniscus (Saturated Wick) 
Fig. 8-4. Variations in measured wicking height as a function of mea-
surement technique in non-unifonn wick material 
It is also important when making these measurements to enclose the wick material in 
a saturated atmosphere to avoid attaining too low a maximum height which can result from 
evaporation. A modification of this technique has been used by several investigators 
(16, 19, 20). This involves fastening a thin section of wick material over the end of a 
nonporous tube and then filling the tube with test liquid and either raising the tube or 
lowering a reservoir to a level at which the wick can no longer support the column of 
liquid. Equation 8-2 is then used to obtain the effective pore radius. The maximum height 
can be obtained in a much shorter time than with the previous technique {which may require 
a period of more than one week). 
Another measurement technique, called the bubble method, employs a section of wick over 
the end of a tube in contact with a column of test liquid. Instead of measuring the height of 
the column of liquid which can be supported, the overpressure, p, required to force a bubble of 
air through the wick is determined (19,20) and then the following relationship is applied: 
r • 2 a cos 8 
p p (8-3} 
This technique also gives the value for the largest pore size present in the wide. !t has 
been reported (19) that this technique gives essentially the same result as the preceding 
111ethod. However, the test used to establish this equivalence utilized a 200-mesh stainless 
steel screen (which has very little variation in pore size); thus, both test methods would 
be expected to yield similar values for rp. 
281 
The rate of rise of liquid in the wick can be used to determine the effective 
capillary radius and also the permeability (17, 18, 21). This technique is discussed 
to illustrate the application of the equations developed in Chapter 2. If one end of 
the test wick is placed in the fluid, as indicated in Fig. 8-5 then the rate dxa/dt of 
the advancing front is related to the mass flow of the liquid through: 
dx . 
. a 
m.(x) • £Pt Aw dt (8-4} 
Combini~g Eq. 8-4 with the equations for the pressure gradients (2-4, 2-15 and 2-25) gives: 
(8-5) 
Integration along the column of liquid yields the pressure at the advancing interface: 
(8-6) 
The capillary pressure deve1oped at the advancing interface is given by: 
t.p • t.p. (x ) = 2 a cos e • P (x ) ( ) 
cap , a r P v a - P2, xa 
(8-7) 
But since this system is open to the atmosphere: 
(8-8) 
Combining Eqs. 8-5, 8-6, and 8-8 with 8-7 gives: 
(8-9) 
Integrating and rearranging yields: 
dxa K 2 a cos e 1 K ~ • -£ µ -X - -£ µ Po g Sin 6 in t rp a i ,. 
(8-10) 
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Thus, a plot of dx/dt vs. 1/xa is a straight line and the penneabtlity ts detennfned from 
the intercept and rp is determined from the slope. 
Eq. 8-10 reduces to the simple fonn: 
which integrates to: 
In the horizontal (minimum g} case, 
{8-11) 
r p \.l.e, £ X 2 
ta• 4 Ko cos e a (8-12) 
where ta is the ·time required for tile front to reach an axial location xa. This has been 
verified experimentally with twenty inch lengths of Si02 fabric wicks (18). 
Advancing Liquid 
Liquid 
Fig. 8-5. Advancing liq~id front test set-up for determination of rp 
and K 
It is ~ifficult to obtain reproducible data with this approach due to the difficulty 
in making precise measurements of the motion of the liquid front; this is especiallt true 
during the early rise above the surface of the reservoir. Much of this difficulty is 
associated with the ability to see the actual leading edge of the liquid. The addition of 
coloring and/or fluorescing agents has been considered, but the fluid properties may be 
changed and the results thereby invalidated. Other techniques suggested include the 
placement of indicating papers (such as litmus) at intervals along the wick or the insertion 
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of wire electrodes (in non-metallic wicks) at intervals along the wi.ck. Any sucn external 
indicators suffer from the problem that they are discontinuous and that they bias tne time 
of liquid front passage by the indicator reaction time. Thus, all of the rise time 
experiments show only approximate adherence to the above formulas. 
8.2.2 Permeability 
As with the detennfnation of the effective pumping radii, several techniques of vary-
ing complexity are available for the determination of the permeability of wick materials. 
All methods involve the measurement of the pressure gradient along the wick concurrently 
with a determination of the flow rate of the test fluid. 
The simplest technique (generally only applicable to fairly thick wick samples) 
involves the clamping of the test specimen in a chamber of dimensions such that all surfaces 
are in tight contact in order to prevent the fluid from bypassing the sample. A fluid flow 
under a constant pressure head is then maintained until a constant pressure profile is 
established across the sample. The pressure profile is measured using a series of pressure 
probes as indicated in Fig. 8-6. The equilibrium flow rate fs detennined by weighing the 
amount of fluid collected over a specific period of time. The permeability can then be_ 
calculated from Eq. 8-13. 
(8-13} 
where Lis the length of the sample and ~Pi is the pressure drop as measured along this 
length. Equation 8-13 follows directly by integration of Darcy's Law (Eq. 2-15). The 
data obtained using this experimental method are usually reproducible. Unfortunately, 
this technique does not duplicate the condition inside a heat pipe where one surface of 
the wick is free to pennit the forma•tion of menisci of various shapes. Katzoff (16} has 
suggested that this can reduce the apparent permeability of the wick since the effective 
flow area is reduced. 
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Constant 
r--
•G•oduore 
Fig. 8-6. Forced flow permeability (K) measurement apparatus 
A modification of the above technique has been used to obtain penneability measure-
ments under conditions more closely resembling those in a heat pipe (20). In this case, 
the pressure probe taps are placed under the wick and a vapor space is left in the test 
chamber above the wick. The test fixture is tilted in such a manner that gravity aids 
the liquid flow. The tilt is adjusted so that the pressure due to viscous drag is 
exactly balanced by the gravity pressure gradient (Fig. 8-7). For these test conditions·, 
Eqs. 2-4, 2-15 and 2-25 yield the following relation: 
µ.e. '\ 
KA - p. g sin 6 • 0 
w P.e. N (8-14) 
and 
(8-15} 
The effective radius reff of the meniscus between liquid and vapor can be determined from: 
2 o cos 8 • p _ P.e. 
reff v 
{8-16) 
where Pv and P.e. are the pressures in the vapor and the liquid phases, respectively. This 
effective meniscus may be varied by adjusting the pressure in the vapor space above the 
wick. The recession of the meniscus into the wick modifies the flow pattern and reduces 
the cross-sectional area available for liquid flow. Both of these effects reduce permeability 
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over that of a completely filled wick. This technique, although it provides useful 
information, has proved difficult to control experimentally. As a result, most experi-
menters have uti1 ized the forced flow method. 
Constant 
Pressure 
Retervoir 
Pressure 
Gauge 
Pressure Probe(Typic:al) 
Regulator 
Spac:e 
Gos 
Supply 
Outlet 
Reservoir 
Fig. 8-7. Test setup for determination of permeability by gravity flow 
Measurements have also been made of pressure gradients in actual operating heat 
pipes. Presumably, these tests should yield the most representative data. However, 
serious problems with vapor bubbles in the pressure probes have severely limited the 
reproducibility of data from such tests (19). 
8.2.3 Composite Wick Effective Capillary Pumping 
The composite wick combines the high permeability of channel flow together with the 
high pumping capacity of fine pore wick materials. The penneability of the composite 
wick can be determined by techniques similar to those discussed in Section 8.2.2. The 
maximum pumping that can be developed is determined by the smallest opening fn the pumping 
wick. When the wick consists of alternate layers of screen, tlie maxtmum pumping that 1s 
developed can be measured using the receding meniscus techniques discussed in Section 8.2.1. 
for composite wicks made of large open flow channels such as arterial composite wicks, the 
maximum pumping can be determined by hydrostatic pressure testing as illustrated in Ftg. 8-8 (22}. 
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Fig. 8-8. Heat pipe wick static pressure test set-up 
This hydrostatic pressure test set-up consists of a methanol bath in whfch the wick 
is irrrnersed, a regulated gaseous nitrogen supply, a micrometer needle valve, and an open 
U-tube manometer. The wick is held level just below the surface of the methanol. Pressure 
fs gradually increased and read on the manometer. When the first leak (bubble) occurs, 
the pressure is reduced slightly, stable hydrostatic pressure retention fs verified. and a 
final reading on the manometer is obtained. The effective pumping radius which will 
establish the maximum pumping capability of the wick can then be determined from Eq. 8-2. 
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8.3 CONTAINER DESIGN VERIFICATION TESTS 
Pressure containment integrity and leak tightness are required in the container 
design to insure long term reliable performance of the heat pipe. Both of these factors 
can be verified with tests as described below. 
8.3.1 Hydrostatic Pressure Testing 
Pressure containment integrity is verified prior to charging of the working fluid by 
introducing a pressurized fluid into the heat pipe either tn the gaseous form (Fig. 8-9) 
or in the liquid form (Fig. 8-10). ~ 
The advantages of gas pressure testing are. that it minimizes potential internal he.at 
pfpe contamination and it can be combi.ned with pressurized leak testing as discussed in 
Sectton 8.3.2. Once testing is completed. the test gas can ce easily evacuated. The. 
disadvantages of gas pressure testing are safety and limited pressure levels that can be 
achieved with standard pressurized gas supply cylinders. For these reasons, gas pressure 
hydrostatic tests are typically perfonned where contamination is crUical. where non-
destructive proof pressure.tests are required and where the test pressures are sufficiently 
low as not to create a safety hazard. 
Much higher test pressures can safely be achieved with liquid hydrostatic pressure 
testing. This test method, therefore. ts often used when safety can be a problem, such as 
burst pressure tests. and where potential contamination is not a problem. Liquids which 
do not leave a residue when the heat pipe fs evacuated are used to minimize potential 
contamination (i.e.·, alcohol). 
Two types of hydrostatic pressure tests that are perfonned are proof pressure tests 
and burst pressure tests. Proof pressure tests are usually performed at 1.5 times the 
maximum expected pressure to conform with ASME pressure vessel codes. Dimensional measure-
ments are made at controlled locations on the heat pipe both before and after proof pressure 
testing to determine any material yield which would indicate non-conformance with the 
ASME Code. 
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Fig. 8-9. Hydrostatic pressure test set-up: Gas 
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Fig. 8-10. Hydrostatic pressure test set-up: Liquid 
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8.3.2 Leak Testing 
Numerous techniques which cover broad ranges of sensitivity and cost can be used 
to measure leakage rates in a heat pipe container. Table 8-2 summarizes some of the 
most commonly used detection techniques. Before determining which technique is 
applicable to a particular heat pipe design, it is necessary to establish tolerable 
leakage rates to avoid unwarranted costs. Once a heat pipe design is established, the 
maximum loss of fluid inventory that can be tolerated can be calculated on the basis of 
allowable performance degradation. A leak rate can then be determined based on the 
design lifetime of the heat pipe. Figure 8-11 relates leakage rates of various heat 
pipe fluids from standard cubic centimeters/sec (std cc/sec) to equivalent loss on a 
gram per year basis. 
10.0 -----------------------------------
Freon-12(M.W.=121) 
Freon-14(M.W.•88) 
Acetone(M.W.=58) 
Anmonia(M.W.•17~ 
.010 L-..--.L........l.---L_i.,i:~LLL...L--.l..---L---M:..J...J...L-1.~-----I-..L-~....i...~.,___-__,__.__.._........._.__... 
10·' 
Standard , cc/sec. 
Fig. 8-11. Leakage rates (23) 
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TABLE 8-2. 
Leak detection 
technique 
Penetrant method 
Radiography (X-ray) 
Nitrogen pressurization 
under water 
Heliwn detectors 
Mass spectrometer 
Halogen leak detector 
Phenolphthalein (litmus 
paper) 
Copper Sulfat&"ethylene 
glycol 
Hot fllament ionization 
gauge 
Halogen leak detector 
Solution PH 
Mass spectrometer 
SUMMARY OF LEAK DETECTION TECHNIQUES (23) 
. 
Sensitivity Special equipment Comments 
Prccharglng 
Poor None Requires additional 
verification 
Poor X-ray machine Not conclusive 
10-4 std cc/sec N2 bottle, water tank Conclusive, quick and 
inexpensive 
10-ll std cc/sec He mass spectrometer, Much equipment required 
vacuum chamber 
10-ll std cc/sec Mass spectrometer, Much equipment required 
vacuum station 
10-'l std cc/sec Leak detector Quick and inexpensive 
Post-charging 
Go/no go None Ammonia heat pipes, quick 
and Inexpensive 
10-'l - 10-8 std Chemical solutions Ammonia beat pipes, 
cc/sec 4 hrs 
10-9 st.d cc/sec Ionization gauge Ammonia heat pipes, quick 
• 
10-7 st.d cc/sec Leak detector Freon heat pipes, quick 
10-7 st.d cc/seo PH indicator Ammonia heat pipes, quick 
10-ll std cc/sec Mass spectrometer• Much equipment required, 
vacuum station appllcable to any working 
fluid 
Once the desired maximum le·ak rate has been established, an appropriate leak test 
method can be selected from Table 8-2. The features of these leak detection techniques 
are discussed in detail in Ref. (23). Since most heat pipe applications require extended 
lifetime and since most designs involve only small fluid inventories, sensitive leak 
detection techniques, such as helium leak detectors, are often used to verify leak 
tightness prior to cha~ging the heat pipe with a working fluid. After charging and pinch-
off, any nU!llber of tests, as sunmarized in Table 8-2, can be used, The most conmonly 
used leak detection methods listed in Table 8-2 are discussed in the following paragraphs. 
8.3.2.1 Helium Detector Techniques 
Techniques that use helium gas in conjunction with helium mass spectrometers offer 
much more sensitive, but more expensive, methods of leak detection. One type of procedure 
involves pressurizing the inside of a pipe with helium and measuring the leakage on the 
outside, giving an integrated leak rate. Figure 8-12 shows a typical set-up where the 
pressurized pipe is placed in a vacuum chamber attached to the leak detector/pumping 
station. Calibration of the SY.stem with a known leak is necessary before and after use. 
This technique allows th!! pipe to be leak checked at its operating (or proof) pressure and 
temperature, and depending on the equipment used,can detect leakage rates in the range of 
10-11 std cc/sec. 
COMMENTS: 
GENERAL METHOQS; 
1. SNIFF OUTSIDE WITH H• SNIFFER IN AMBIENT (METER, AUOIO DETECTOR). 
2. PLACE IN EVACUATED CHAMBEl'l ANO CALIBRATE SYSTEM WITH STANDARD 
He LEAK RATE SOURCE 
VACUUM CHAMBER 
HEAT PIPE PRESSURIZED WITH He 
Ha t.EAK 
DETECTOR 
3. PLACE PIPE IN SEALED AIR ENCLOSURE ANO PERIODICALLY MEASURE 
THE He CONTENT OF AIR SAMPLES 
VALVE 
• ALLOWS PIPE TO BE PRESSURIZED TO SAME LEVEi. AS OPERATING PRESSURE (ANO TEMPERA TVREJ 
Fig. 8-12. Helium leak detection techniques: Pressurized Pipe (23) 
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A somewhat less sensitive., but time saving. alternative is to use a portable helium 
sniffer in ambient air, thereby avoiding the use of the chamber. The sniffer is directed 
• 
over specific areas of the pipe and can be used to pinpoint leakage sites. A number of 
small leaks may be acceptable if the total leakage is less than the specified value. Hence, 
a detector at least one order of magnitude more sensitive than the specified total leak is· 
required. One method which also avoids the use of a vacuum chamber is to place the 
helium pressurized pipe in a sealed air enclosure and periodically sample the air for the 
presence of helium. 
Figure 8-13 depicts another variation. The pipe is evacuated through a helium leak 
detector while helium is directed over the outside of the pipe. This can be done through 
an envelope (or bag) to determine gross leakage, followed by local impingement to identify 
the faulty area. The disadvantage with this technique is that the helium pressure difference 
across the pipe (high outside, low inside) is opposite to the normal pipe pressure gradient 
(high inside, low outside). In addition, the leak is simulated with only a 14.7 psi 
(1.014 x 105 newt/m2) pressure differential which may be many times smaller than would 
actually exist. 
ENVELOPE (BAGI EVACUATED 
___ L ____ :_ATPIP~-
VALVE 
/ ( 
\ ......, __ 
PROCEDURE: 
He LEAK 
DETECTOR 
(el DETERMINE GROSS LEAKAGE BY PRESSURIZING ENVELOPE 
(bl ISOLATE LEAK BY DIRECTING He TO LOCAL AREAS 
COMMENT$: 
• CAN ONLY PRESSURIZE TO A DIFFERENCE OF PRESSURE 
OF 14.7 PSI. WHICH MAY BE MUCH LESS THAN ACTUAL 
PIPE OPERATING PRESSURE 
• PRESSURE DIFFERENCE IS IN WRONG SENSE (SHOULD BE 
HIGHER INSIDE THAN OUTSIOEI 
Fig. 8-13. Helium leak detection techniques: Evacuated Pipe (23) 
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A third helium detection technique, employed by Ames Research Center (241 for uie 
with VCHP's, is described in Fig. 8-14. The technique is simf1ar to tnat snown tn 
Fig. 8-12, except the pipe is a gas controlled variable conductance neat pipe which has 
helium as part of the control gas charge. This technique has the benefit of leak testing 
a completely charged pipe at its anticipated operating temperature, including the pinch-
off tube, a feature not_ found with the other helium techniques. It is limited to gas 
controlled YCHP's or heat pipes which can tolerate trace amounts of helium. 
CALIBRATED 
HeLEAK 
VACUUM CHAMBER HEAT PIPE {HAS He 
INCHAAGEI 
~OCEOUAE: 
H4 
LEAK 
DETECTOR 
(al EVACUATE CHAMBER TO 10-4 TORA OA LESS (NOTHING IN CHAMBEAI 
(bl CALIBRATE DETECTOR WITH KNOWN SOURCE 
{cl INSTALL PIPE, PUMP DOWN TO 10-4. READ LEAKAGE 
ldl REMOVE PIPE ANO AECALl8RATE WITH KNOWN SOURCE 
lei COMPARE PIPE LEAKAGE WITH PAE- OR POST-TEST CALI BRA TED LEAK 
COMMENTS: 
• TECHNIQUE LIMITED TO GAS-CONTROLLED VCHP'S OR 
PIPES WITH TOLERABLE He IMPURITY 
• CHECKS ENTIRE PIPE INCLUDING PINCHOFF TU8E 
• WILL NOT PINPOINT LEAK 
Fig. ·s-14. Helium. leak detection techniques: Charged Pipe (23) 
8.3.2.2 Halogen Leak Detector for Freon Heat Pipes 
Halogen leak detectors provide a fast, accurate method of checking Freon heat pipes. 
They are small, portable, relatively inexpensive units that use a pencil probe to pinpoint 
leaks. They can typically measure absolute leak level on the order of 10-7 std cc/sec. 
Detailed specifications are readily available from any of the manufacturers. 
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8.3.2.3 Mass Spectrometer 
A general leak detection technique that can a1so be used on a completely sealed pipe 
with any working fluid is shown in Fig. 8-15. It employs a mass spectrometer, e.g. 
Residual Gas Ana1yzer, from which leak rates can be ca1culated. A problem with this 
procedure is its relative cost. Also, long pump-down times are required and there is 
difficulty in distingujshing compounds with similar mo1ecular weights, e.g., water, 18 and 
aD1110nia, 17. 
VEECO RESIDUAL 
GAS ANALYZER CHARGED HEAT PIPE 
GENERAL PROCEDURE: 
la! 00 IMPURITY TRACE OF SYSTEM WITHOUT PIPE 
lbl INSERT PIPE 
let DO IMPURITY TRACE AT VARIOUS TIMES 
LEAKRATE ~ 
4TIME 
VACUUM 
STATION 
SENSITIVITY: CAN DETECT 10-13 TORR OF NITROGEN 
COMMENTS: 
• CAN LEAK TEST CHARGED PIPE INCLUDING PINCHOFF TUBE 
• CERTAIN ELEMENTS MAY BE OIFFICUL T TO DISTINGUISH 
SUCH AS H20 (MOLECULAR WT • 181 AND NH (MOLECULAR WT• 171 3 
CHAMBER 
Fig. 8-15. General leak detection for any working fluid 
8.3.2.4 Copper Sulfate/Ethylene Glycol for NH3 Heat Pipes 
A r~latively inexpensive but sensitive-(3 x 10-8 std cc/sec) method for leak checking 
anrnonia heat pipes has been developed by NASA/GSFC. It involves soaking filter paper in a 
copper sulphate/ethylene glycol solution, wrapping it around the weldment and enclosing 
it in an air-tight bag. After four hours, a simple visual inspection for the absence of 
dark blue spots will provide a 3.3 x 10-7 std cc/sec leak sensitivity measurement. If no 
dark b1ue spots are visible, applying a few drops of Nessler's reagent, and looking for dark 
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brown spots. can increase the sensitivity to about 3 x 10-8 std cc/sec. Reasonable care must 
be exercised to avoid false results from contamination of surfaces and reagents. The complete 
details of this procedure, as contained in OAO Document EX-D-1019-C (25), is given in Table 8-3. 
TABLE 8-3. COPPER SULFATE/ETHYLENE GLYCOL LEAK DETECTION METHOD FOR NH3 HEAT PIPES 
Equipment Required - The equipment required to perform this ammonia 
leak test includes: 
- Filter paper - Wattman No. 120 or equal 
- Reagent solution (by weight) - 3t copper sulfate 
(Cuso4•SH20) and lOt ethylene glycol in distilled water 
- Small plastic bags to cover ends of pipe after filter p~per 
has been laid down 
- Rubber band (or adhesive-backed tape) to hold plastic bags 
in place 
- Nessler 1 s reagent in dropping bottle 
Procedure - The following procedure should be followed when leak checking 
heat pipes containing ammonia: 
~ Prepare filter paper·as follows: 
- Soak one sheet of filter paper in reagent (copper 
sulfate) solution. 
- Blot wet filter paper between two sheets of dry ftlter 
paper. 
- Place wet filter paper in air-tight container {to prevent 
evaporation) until ready for use. 
- Cut filter paper into sheets approximately 1-1/2 in. (3.810 cm) 
by 2 in. (5.080 cm). 
- Wrap filt~r paper (prepared previously) around ends of pipes. 
- Cover ends of pipe and filter paper with small plastic bag 
and secure with rubber band or adhesive-backed tape. 
- Leave ends of pipe covered for at least four hours. This 
. -7 
should .provide a leak sensitivity of approximately 3.3 x 10 
std cc/sec. 
- After at least four hours, remove plastic bag and filter 
paper and observe filter paper for dark blue spots. If 
these spots are visible. a leak rate of: 3.3 x 10-B std cc/sec 
was exceeded. Note that dark brown spots may have resulted 
from the aluminum-copper sulfate reaction before the application 
of the Nessler's reagent and should be disregarded. 
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8.4 THERMAL PERFORMANCE TESTS 
The thermal performance limits of the heat pipe, described in Chapter 2, can be 
investigated using a test set-up illustrated schematically in Fig. 8-16. The heat pipe 
is held at any desired orientation with respect to gravity with a supporting fixture. 
Heat is applied to one end of the heat pipe with an electrical heater and is removed 
from the opposite end by a coolant. Thermocouples are attached along the length of the 
heat pipe to measure the axial wall temperature along the heat pipe at different power 
inputs. The heat pipe is usually insulated to minimize parasitic heat losses or inputs. 
A typical test procedure, definition of terms, data reduction and special test considera-
tions for cryogenic, intennediate temperature and liquid metal heat pipes are discussed 
in the next section. 
Evapora.tor 
Instrumentation I (Te) . 
r 
Adiabatic 
Instrumentation I (Ta) 
\ 
Condenser 
Instrumentation I <Tc ) 
I l Coolant 
..,_,,..,,,__.,,_~ ..... --,,.-+--_::_-_---...,.,..----1-~---_-_-_-_--_-_-_--+++-+--I~ 
---------+++---- -----
_J Coolant 
...---'-''-----'-------......,__ .......... _______ --...---".:---......... ......., Out (T2) 
/ 
~- / LT11t Angle 
L_Heat Pipe Support 
Horizontal Reference 
Fig. 8-16. Typical heat pipe performance test set-up 
8.4.1 Test Procedure and Data Reduction 
A typical test procedure consists of elevating the heat pipe to the desired test 
elevation, applying heat to the evaporator in predetermined increments and recording the 
resulting temperature profile as illustrated in Fig. 8-17 •. Sufficient time is allowed 
between power increments (typically 10 - 15 minutes) to allow the heat pipe to reach 
steady-state. Power is increased until the transport limit of the heat is reached. At 
this point the temperature at the end of the evaporator rises suddenly above the other 
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temperatures. This sudden rise in temperature indicates a "dry-out" condition. That is, 
the internal liquid flow rate required to accorm1odate the rate of heat input is in excess 
of the heat pipe's pumping capacity. 
90 
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! 30x----·x----~)r------ ----- ---r--------
8. 20 \_15.6 W 
;!. 
10 
0 
l 2 3 4-7 5 
Thermocouple Positions 
Fig. 8-17. Typical temperature profiles along a heat pipe under test .. 
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Accurate determination of the dry-out point can be influenced by a number of factors 
including axial conduction along the wall of the heat pipe. For this reason and to 
minimize the amount of test data point plotting, it is convenient to plot the temperature 
difference between the end of the evaporator and the vapor temperature (adiabatic tempera-
ture) as illustrated- in Fig. 8-18. Since the internal heat transfer coefficient in the 
evaporator is approximately constant, the temperature drop between evaporator and the vapor 
1s a linear function of power input. When partial dry-out 1s reached, the effective 
evaporator area is reduced and the slope of the temperature drop versus power is changed. 
The point of significant change in slope establishes the dry-out point. 
Once the dry-out point has been reached, the usual procedure is to reduce the power 
until complete recovery has been achieved. Heat pipe recovery can be used to confirm the 
dry-out point in homogeneous wick designs. In composite wick designs, complete power shut-
down and a reduction in elevation may be required. 
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The above procedure is repeated at various elevations and a plot of the maximum 
(dry-out) heat load versus elevation can be developed as illustrated in Fig. 8-19. The 
following performance data can be obtained from the plots presented in Fig. 8-17, 8-18, 
and 8-19. 
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Fig. 8-18. Heat pipe temperature drop versus applied heat load 
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Fig. 8-19. Maximum heat load versus elevation 
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8.4.1.1 Dry-Out Heat Trensfer Rate 
Dry-out is defined as the heat load which causes a significant change of slope in 
the evaporator 6T versus Q curve (e.g. Fig. 8-18). The evaporator 6T is defined as the 
maximum temperature drop between the evaporator (usually the end thermocouple) and the 
vapor (average adiabatic) temperature. Dry-out is reached when the performance limits 
as defined in Chapter 2 are exceeded. 
8.4.1.2 Heat Transport Capacity 
Heat transport capacity is the maximum heat load that the heat pipe can carry over a 
given distance and at a given elevation and operating temperature. Heat transport 
capacity is often defined in terms of watt-inches or watt-meters. For uniform heat input 
and ren,,oyal a~ illustrated in tne test set up shown in Fig. 8-16, the effective transport 
. . . 
len9tfl ts defined as: 
(8-17} 
And the heat transport capability can be defined as: 
(QL)max 2 ~ax x Leff (8-18} 
Where ~xis the dry-out heat load. The heat transport capability can be applied to 
establish heat pipe performance for applications with various heat load/heat sink combina-
tions as .long as the liquid and vapor flows are in the laminar regime and the limiting 
performance is due to the capillary pumping limit. 
Tests at a horizontal elevation are not usually performed in order to avoid any 
significant performance contribution due to puddle flow inside the heat pipe. The 
curve in Fig. 8-19, however, can be extrapolated to obtain zero-elevation transport 
capability which in turn can be us~d to establish "0-g" performance. If the internal 
wicking height (circumferential wicking height} of the heat pipe is not significant, 
extrapolated zero-elevation capability can be used to directly estimate "0-g" perfonnance. 
If the internal wicking height is significant, it must be included in the performance 
extrapolation as shown in Fig. 8-19. 
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8.4,l.3 Static Wicking Height 
The static wicking height can also be detennined from the plot of ~x versus 
evaporator tilt. The static wicking height is the extrapolated elevation which 
corresponds to zero power input as shown in Fig. 8-19. This value can be used to 
determine the effective pumping radius of the wick. 
8.~.l.4 Thennal Conductance 
The·thennal conductance of the heat pipe can be detennined from temperature profiles 
obtained during heat transport tests. The thermal conductance is the slope of the curve 
generated by plotting heat load (Q) versus temperature drop. Averages of all the evaporator 
temperature readings (Te), adiabatic temperature readings (Ta), and active condenser 
readings (Tc) are use~ typically to obtain the conductance in each section. Curves, similar 
to Fig. 8-18, are plotted based on average evaporator temperature drops (Te - Ta) and 
the slope of the curves (Q/6Te and Q/6Tc) are obtained. Equivalent evaporator and 
condenser film coefficients 
(8-19) 
(8-20) 
where Ae and Ac are the active liquid/vapor interface areas in the evaporator and 
condenser, respectively. The internal tube circumference is generally used in calculating 
the area .. Any blocked condenser zone or partially dried-out evaporator zone is excluded 
from the above thennal conductance detennination. 
8.4.1.5 Condenser Blockage 
If sufficient instrumentation is placed at the end of the condenser, blockage due 
to non-condensible gasses or excess liquid can be detected. Condenser blockage can be 
used to determine if the heat pipe has been properly processed and charged or if 
compatible materials have been used. Gas blockage can be distinguished from liquid 
blockage by the fact that the length of non-condensible gases blocked region will- _compress 
or expand depending on the operating temperature. Liquid blockage will not. If liquid 
blockage is detected, charge calculations and procedures can be checked to remedy the 
problem. To determine if gas blockage is due to processing or incompatabilities, heat 
pipe life tests similar to the compatability tests defined in Section 8.1 .1.2 are required. 
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If the gas blockage continues to increase over a period of time, the selected materials 
are incompatible or contaminants have been introduced during processing. If the amount 
of gas blockage remains constant, the heat pipe or the working fluid were not properly 
outgassed during processing. 
8.4.2 Test Apparatus 
The apparatus shown in Fig. 8-16 can be used, with appropriate modification, to test any 
heat pipe d~sign under various types of test conditions. Typical test set-ups are discussed 
below. These can be applied to most intennediate temperature heat pipes. Special considera-
tions for cryogenic and liquid metal temperature heat pipes are also disucssed. 
8.4.2.l Heat Input 
Heat can be applied in any of several forms including electrical heaters wound around 
the evaporator or with a heater block containing cartridge or strip heaters as illustrated 
in Fig. 8-20. The latter is often used to simulate actual interface conditions actually 
encountered in many applications. For higher power requirements, it is conventent to use eddy 
current heating (Fig. 8-20c) in combination with a calorimeter located at the condenser. 
For electrical resistance heating, wattmeters covering the anticipated power range, and a 
variac for close power control are used. 
8.4.2.2 Heat Removal 
Heat. from the condenser can be removed by direct cooling with a coolant bath, forced 
air cooling or the heat pipe may be attached to a cold plate equipped with cooling coils 
and a trim heater for temperature control as illustrated in Fig. 8-20. The test temperature 
of the heat pipe is always controlled by varying the cooling rate at the condenser. This is 
accomplished by controlling the temperature of the coolant and/or its flow rate. Ele.ctri.cal 
. trim heaters, as illustrated in Fig._ 8-20c, are often used to obtafn accurate control of tfle 
test temperatures. 
8.4.2.3 Instrumentation 
Instrumentation usually consists of a series of thermocouples of the type appropriate 
for the desired test temperature. They can be either strapped-on, spot welded, epoxy bonded, 
or held by pressure contact against the heat pipe container. The important factors in proper 
instrumentation are: 
- Thennocouples and instrumentation should be calibrated for accurate 
temperature readings. 
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- Good contact between the thermocouple and the heat pipe is necessary to 
avoid measurement errors. 
- Thermocouples should be located as close as possible to the actual heat 
input/output area. 
The last requirement often presents a problem in the evaporator area since a 
thermocouple and the heater cannot be physically located in the same area at the same 
time. The thermocouple should be located as close to the heater as possible; however, 
care should be exercised to avoid direct contact with the heater since this can result in 
excessively high temperature readings. 
8.4.2.4 Heat Pipe Leveling 
A support fixture is required to maintain the proper heat pipe orientation. This 
fixture can be as simple as a series of ringstands. Adequate support, however, must be 
provided to achieve accurate elevations since the heat pipe is typically made of a long 
slender tube. Tilt tables with a series of stand-offs are often used in heat pipe test 
set-ups. The heat pipe is mounted to the stand-offs which are designed to locate the 
heat pipe parallel to the plane of the tilt table. The heat pipe elevation is then 
controlled by varying the tilt in the table. Elevation of the heat pipe is determined 
either _by measuring the angle of tilt or by measuring the elevations of the table at 
controlled points. A co11'1110nly used elevation measurement technique involves the use of 
a machinist scale in combination with a transit. With this method, accurate elevations 
of the tilt table or the heat pipe itself can accurately be determined at any number of 
desired points a~ long as the location can be sighted with the transit. 
8.4.2.5 Intermediate Temperature ~est Apparatus 
Intermediate temperature testing is usually performed in a laboratory environment 
with no special test set-up considerations except those discussed above. Once the heat 
pipe is set up on its test fixture, instrumented and leveled, a blanket of insulation ts 
applied around the heat pipe to minimize parasitic heat losses. The type of insulation used 
, 
is dependent on the operating temperature. For below ambient temperature tests, closed cell 
foam insulation can be used to minimize water condensation; above ambient temperature, 
conventional fiberglass is used. At elevated temperatures, care should be taken in select-
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ing the appropriate type of insulation since they contain binders which can vaporize if 
used at higher than recommended temperatures. 
With respect to the cooling of the condenser, a number of coolants such as water, 
water-glycol, high temperature fluids such as Dowthenn, or forced air cooling may be used 
depending on the test temperature and the selected design of the test fixture. 
8.4.2.6 Cryogenic Temperature Test Apparatus 
The principal difference between cryogenic heat pipe tests and those at ambient 
temperature is that a vacuum chamber (as illustrated in Fig. 8-21) is required for 
cryogenic temperatures, to avoid excessive parasitic heat inputs. Two reasons dictate 
this requirement. First, cryogenic heat pipes have relatively low heat transport perfor-
mance and, hence, parasitic heat input can significantly .affect performance measurements 
since typical test heat loads are low. Second, expensive coolants such as liquid 
nitrogen or liquid helium are required. Minimum expenditures of the coolant materials 
is desirable for cost effective testing. 
Multilayer insulation (MLI} blankets, consisting of alternate layers of aluminized 
mylar and nylon netting are used to obtain the required insulation properties for 
cryogenic testing. To achieve the full potential of this type of insulation. contamination 
should be kept to a minimum, the insulation should be well vented and loosely 
wrapped with no direct radiation paths between the heat pipe test set-up and the chamber, 
and a hard vacuum should be provided. To provide the necessary vacuum level a diffusion 
pump in combination with a mechanical roughing pump is desirable. 
In addition to proper insulation, the heat pipe test apparatus mµst be carefully 
designed to provide accurate support of the heat pipe with conduction heat leaks kept to 
a minimum. Support provisions should be made of low conductivity materials (e.g. plastics 
such as lexan} and the conduction path should be kept as long as possible. Accurate 
location of the heat pipe on the test fixture is required since sighting (leveling} of 
the heat pipe cannot be performed directly once the chamber is closed. Leveling and 
accurate elevation measurements are especially critical since cryogenic fluids have 
relatively low static heights. 
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Other test apparatus used in the testing of cryogenic heat pipes include: 
(1) hermetical1y sea1ed feed-through for both instrumentation and power 1eads; (2) 1iquid 
nitrogen or 1iquid he1ium supp1ies for the coo1ing of the vacuum chamber; and (3) trim 
heaters on the cold plate for temperature control adjustment. 
8.4.2.7 Liquid Meta1 Temperature Test Apparatus 
Material stability at high temperatures and the relatively large heat transport 
capability of 1iquid metal heat pipes are the principal factors ·affecti~g high temperature 
testing. Liquid meta1 heat pipes made of stainless steel or super a1loys such as Incone1 
can be tested in air since they do not present an oxidation problem. Heat pipes made of 
refractory metals, however, must be either tested in an inert environment or in a vacuum 
chamber similar to cryogenic heat pipes. If the heat pipe is tested in a vacuum chamber, 
similar considerations apply as discussed above for the cryogenic heat pipe. The 
difference, of course, being that the type of insulation and heat pipe support materials 
must be consistent with the operating temperature. Nickel foil, for example, can be used 
to insulate the heat pipe and cooling can be provided by radiation to a cold shroud or 
to the ambient if a glass chamber is used. 
As indicated above, many of the 1iquid metal heat pipes do not require an inert 
environment or a vacuum for testing. Test apparatus for these heat pipes, however, do 
requi~e some special considerations. For examp1e, electrica1 resistance heaters are 
limited both in operating temperature and power density. Cooling is also limited to 
radiation, conduction through gases or convection. For these reasons, tt ts often 
convenient to test liquid metal heat pipes with eddy current heating and removing the 
heat with a gas-gap calorimeter as illustrated in Fig. 8-22. This method of heating 
can provide high power density while maintaining the heating element (RF Coi1) cool. 
Direct power measurement cannot be obtained since this is dependent on the coupling 
efficiency between the c9il and the heat pipe. To determine heat transfer rates, a 
calorimeter with a gas-gap is often used. Th~ gap thickness and the type of gas used are 
selected to reduce the temperature to a level where conventional coo1ants can be _employed. 
The heat flow is determined from the rate of coolant flow and its temperature rise in the 
calorimeter. By varying the gap size and/or the type of gas used, heat flow rates can 
be varied. 
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8.S THERMAL CONTROL TESTS 
Test set-ups and procedures for thermal control heat pipes are similar to fixed 
conductance heat pipes with the added requirement for testing to evaluate the various 
control features. Requirements for gas-loaded variable conductance heat pipes and diodes 
are discussed below. 
8.5.l Gas-Loaded Heat Pipes 
Figure 8-23 illustrates a typical test set-up for determining the variable conduc-
tance behavior of a gas-loaded heat pipe. It is similar to a fixed conductance heat pipe 
set-up with the addition of a thennal link between the gas reservoir and the coolant loop. 
A separate trim heater is provided in this region to allow independent control of the 
reservoir temperature. Test procedures and test data reduction are discussed below. 
8.5.1.l Thennal Performance Test 
Thermal performance tests of gas-loaded variable conductance heat pipes are performed 
in a similar fashion as described for the fixed conductance heat pipe with the exception 
that the sink (coolant) temperature.conditions must be maintained such that the gas inter-
face resides in the condenser region. For the maximum transport length condition, the 
interface is maintained close to the reservoir. Expansion of the interface into 
the reservoir should be avoided to prevent liquid entrapment and premature dry-out of the 
heat pipe. Dry-out tests are also often performed with the gas interface at other iocations 
in the condenser region to determine the effects of gas loading on heat pipe performance. 
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8.S.1.2 Thermal Control Tests 
Thermal tests are also performed to determine the control characteristics of the 
variable conductance heat pipe. The general objective of these tests is to observe the 
response of the heat source or evaporator temperature to variations in the heat load 
and/or sink conditions. Results from the tests are used to establish the degree of 
temperature control that can be obtained. Test data can also be used to establish the 
gas charge, the "OFF conductance" and in the case of diode operation, the shutdown energy. 
For example, the sink (coolant) condition may be held constant while the power is 
increased. At each power increment, a temperature profile can be obtained and plotted to 
determine source, evaporator and/or vapor temperature as a function of power input as 
illustrated in Fig. 8-24. The test can be repeated for various sink temperature conditions 
until the thermal control characteristics are established over an entire range of operating 
conditions. 
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heat pipe 
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In most instances, a VCHP can be adequately characterized by measuring its performance 
at maximum and minimum design conditions. Maximum test conditions consist of applying the 
maximum amount of power to be controlled by the VCHP with the sink (coolant) condition set 
at the maximum anticipated operating temperature. After steady state is achieved, the 
temperature profile is recorded. Minimum test conditions consist of lowering the sink 
(coolant) temperature to the minimum anticipated operating condition. The power input is 
also lowered to the minimum value expected during operation. Automatic recording equip-
ment (e.g., a stripchart recorder) can be used to establish VCHP response characteristics 
between maximum and minimum operating conditions and vice versa. The response character-
istics obtained, however, are meaningful only if the rate of sink temperature change, 
rate of power change and the thermal mass of the test set-up are representative of the 
actual application. 
The following VCHP performance characteristics can be established. 
(1) Minimum Set Point 
The minimum set point of a gas-loaded heat pipe is the condition at 
which complete shutdown occurs. It is defined as the lowest accept-
able evaporator or heat source temperature which corresponds to the 
minimum heat load and minimum sink temperature. Generally,the 
interface is located within the adiabatic section at the evaporator 
end for this condition. Comp1ete shutdown occurs when the interface 
moves into zone Bin the heat pipe shown in Fig. 8-23. Tests at 
this condition consist of establishing that the evaporator tempera-
ture does not drop below the specified value for the minimum heat 
load and sink temperature. The test procedure involves applying 
the minimum heat load and then reducing the sink temperature 
until the evaporator temperature drops below the control range. 
Results from this test will determine the adequacy of the gas 
charge and the "OFF" conductance. It could happen that the gas 
charge calculated from the data does no~ agree with the measured 
value. An undercharge of gas would result in inadequate shutdown 
at the minimum condition. 
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(2) Maximum Set Point 
The maximum set point is the highest allowable heat source or evaporator 
temperature. It is the condition at which the condenser is fully active 
(i.e. interface is in zone A in Fig. 8-23), corresponding to the maximum 
heat load and sink temperature. Tests at this condition consist of 
establishing_that the evaporator temperature does not rise above the 
. specified upper limit when the maximum heat load and sink temperature 
are applied as boundary conditions. The test procedure involves 
applying the maximum heat load and then raising the sink temperature 
until the evaporator temperature exceeds the control range. Results 
from this test will determine the adequacy of the reservoir or whether 
an overcharge of gas exists. 
8.5.2 Diode Heat Pipes 
Fig. 8-25 illustrates a test apparatus for a liquid trap diode. It is virtually 
identical to the fixed conductance set-up except that provision must be made to incorporate 
a simulated thermal mass which is thermally coupled to the evaporator and- reservoir. The 
purpose of the thermal mass is to absorb the shutdown energy and the reverse mode heat 
leak. Generally, a solid metal block is used (26), although phase change materials have 
been pr~posed. In any case, the thermal mass should simulate the thermal interfaces and 
the actuai heat capacitance that are envisioned for the final application. The test 
apparatus for a liquid blockage design includes the thermal mass and must also have 
provision to couple the liquid reservoir to the effective sink condition. 
8.5.2.l Diode Thermal Performance Test 
Forward mode thermal performa~ce tests with a diode heat pipe are identical to tests 
with fixed conductance heat pipes. The data obtained can be reduced in the same fashion 
to determine dry-out, heat transport capability, static wicking height, and forward mode 
thermal conductance. During forward mode testing, care should be exercised to tnsure that 
the test set-up results in proper reservoir temperatures. rn the case of the liquid trap, 
the reservoir temperature must be at or above the vapor temperature to avoid fluid 
inventory depletion. In the case of a liquid blockage design the reservo1r should be below 
the vapor temperature to avoid excess liquid in the heat pipe. 
312 
Ill F 
w 
-w 
6 
7 
.........-u 
8 
5 
Liquid Trap 
Reservoir 
.,.........12 
9 
--- Therinal Mass 
Trim Heater 
-----1~4-----------Condenser-------------a•MI 
Fig. 8-25. Typical liquid trap diode heat pipe test setup 
... ., 
Cold Plate 
8.3.2.2 Oiode Thermal Control Test 
The purpose of the diode thermal control test is to establish reverse mode behavior 
of the heat pipe when the sink temperature rises above the forward mode operating tempera-
ture. The test sequence is normally initiated from a nominal forward mode condition with 
some heat being applied to the evaporator. Once conditions have been stabilized fn the 
forward mode, power is applied to the cold plate trim heater such that the condenser 
temperature begins to increase at a rate which is typical of a given application. Heater 
power is maintained on the cold plate until a maximum temperature is achieved within a 
desired period of time. Power is then removed from the trim heater until complete recovery 
(i.e. forward mode) is achieved. 
A typical test profile for a liquid trap diode is illustrated in Fig. 8-26 (27). As 
can be seen during the initial stages of reversal, the entire system rises at the same 
temperature rate as the cold plate. After a short period of time (i.e. minutes), the 
reservoir partially depletes the fluid inventory, the heat pipe no longer functions 
efficiently and the rate of temperature rise of the heat pipe begins to decline as compared 
to the cold plate temperature. Eventually, the heat pipe liquid inventory becomes 
completely depleted and the heat pipe ceases to function. At this point a significant 
temperature rise develops between the thermal mass and the adiabatic sectl'ons. "OFF" 
conductance and shutdown energy are determined from the data as follows. 
(~) "OFF" Conductance 
Once complete shutdown has been established, the reverse mode conduction 
. 
heat leak (QRM) from the "hot" condenser section to the heat source can 
be determined from the rate of temperature rise of the thennal mass. 
Generally, parasitic heat loads must be added or subtracted in order to 
establish an accurate estimate of the OFF conductance. The "OFF" conduc-
tance (CRM) is then determined from 
where: 
(8-21) 
Tc • Temperature of the condenser after equilibrium condition 
have been achieved in the reverse mode 
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THS • Temperature of the heat source (thermal mass) after 
equilibrium conditions have been achieved in the 
reverse mode 
(b) Shutdown Energy 
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CHAPTER 9 
APPLICATIONS 
Numerous applications of heat pipes have evolved since 1964 when the concept was first 
applied. Initially, liquid metal heat pipes were developed for cooling thermionic devi~es 
and for nuclear reactors. Now the list of applications spans the cryogenic through liquid 
metal temperature range. Many of the applications that have been considered to date are 
listed in Table 9-1 (1). This Chapter discusses flight experience obtained with heat pipes 
and planned aerospace activities. The more noteworthy terrestrial applications are also 
presented. As the demand for heat pipes increases, the number of different requirements also 
goes up. Special types of heat pipes that have evolved to meet these demands are discussed 
in the last section. 
9. l Aerospace 
NASA sponsored activities have pioneered the development of heat pipes for spacecraft 
use. The approach to date has been a program wherein heat pipes have been developed in the 
laboratory and flown first as experiments aboard ~uch satellites as the Orbiting Astronomical 
Observatory (OAO-III) (2), and sounding rockets (3,4,5) followed by a corrrnitment to a space-
craft thermal design as in the ATS-6 (6). 
9.1.1 Flight Experiments -- Sounding Rockets 
Sounding rockets have been used to demonstrate basic heat pipe operating principles in 
the 6 - 8 minutes of 0-g time that is typically available. 
The first Sounding Rocket Experiment (3) was used to demonstrate the performance of three 
different wick geometries with alTITlonia at ambient temperature: an axially grooved heat pipe, 
a pedestal artery, and a spiral artery. Each of these heat pipes was identical in cross-
section to the 3 isothermalizer heat pipes flown on the OAO-III (2). All pipes performed as 
expected; however, full composite pumping could not be demonstrated for the arterial pipes 
because of limited battery power. 
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Heating 
Thermal recovery unfts 
Space heating from flue-gas, fireplaces 
Industrial process heat recycle. 
Aircraft wing deicing 
Wanning carburetors, air intakes 
Stirling engines, Brayton cycle engines 
Deicing highway bridges, intersections 
Solar energy collectors 
Geothennal energy recovery 
Thermoelectric hot shoes 
Thermionic emitters 
Coal gasification 
Chemical reaction vessels 
Heat recuperators, air preheaters 
Mobile home furnace/hot water heater 
combination units 
TABLE 9-1 HEAT PIPE APPLICATIONS (Ref. 1) 
Cooling 
Afr conditioning precoolers 
Electric motors, transfonners 
Switchgear, circuit breakers, starters 
Electric bus bars 
Storage batteries, fuel cells 
High power electron tubes, TWT's 
Power rectifiers, SCR's 1 transcalent 
rectifiers 
Electronic rack cooling, high density 
packaging 
Turbine shafts and blades 
Lathe cutting tools, drills 
Foundry and die casting molds 
Injection molding machines and dies 
Disc brakes, auto and aircraft 
Motorcycle crankcase cooling 
Fission product storage vaults 
Space suit temperature control 
_\. __ ) 
Temperature Control, Isothermalization, Other 
Crystal oscillator ovens 
Inertial guidance gyros 
Electroplating baths 
Temperature regulation for data processing 
electronics 
Coating rolls and rotor blades 
Isothermal furnaces, semiconductor diffusion 
Black-body radiation cavities 
Spacecraft structures, i sotherma 1 i zation 
Isothermal mounting plates for electronics 
Telescopes, optical equipment 
Surgical cryoprobe, dermatology, etc. 
Infra-red detector cryogenic cooling 
Laser mirror cooling, laser tuning 
Directional casting, heat treating 
A total of seven heat pipes were flown aboard the second Sounding Rocket Experiment (4): 
- 3 ATS-6 type axially grooved ammonia heat pipes 
- 1 pedestal artery ammonia heat pipe 
- 1 spiral artery ammonia heat pipe 
- l tunnel artery acetone heat pipe with glass tubes at each end of the pipe 
beyond the condenser and evaporator end sections 
- 1 control pipe filled with enough ammonia to wet all internal surfaces to a 
depth of 0.254 11111 but with no internal wick 
The following test objectives were accomplished: 
{l) The fill criteria and corresponding anilytical model developed for axially 
grooved heat pipes was evaluated for overfilled and underfilled conditions. 
(2) Liquid slug formation in the condenser section of the overfilled axially 
grooved pipe was studied. 
(3) The performance of the two ammonia/arterial heat pipes was demonstrated 
with high evaporator heat fluxes (123 watts per cm2) and large heat transport 
loads (up to 230 watt-m). 
(4) Heat pipe startup from an unprimed condition was accomplished by launching the 
payload with all evaporators up and also by applying a thermal load to the 
evaporator of several of the pipes prior to entering 0-g. The subsequent 
isothennalization of the heat pipes as compared to the large temperature 
gradient measured across the control pipe demonstrated the heat pipe startup 
capability. 
(5) A 1611111 motion picture camera and appropriate optics were used to observe the 
liquid distribution and arterial priming through the glass ends of the 
acetone heat pipe. 
The International Heat Pipe Experiment (IHPE) (S} was launched on October 4, 1974. 
Approximately six minutes of 0-g time was provided for a total of ten separate heat 
pipe experiments. The individual experiments are listed in Table 9-2. In addition 
to its technical merits, the IHPE brought together many participants from the U.S. 
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TABLE 9-2 INTERNATIONAL HEAT PIPE EXPERIMENT 
Experimenter 
Experiment Number 
Agency Manufacturer of Pipes 
Ambient Tern-
perature Control 
Pipe NASA/GSFC Grumman l 
Grooved Ex-
trusion Pipe NASA/GSFC Grumman 2 
F1at Plate HP NASA/GSFC TRW 1 Pipe+ 
1 Control 
Ames HP NASA/Ames TRW 2 
Slab Wick HP NASA/GSFC TRW 2 
Hughes HP Hughes Hughes 2 
ESRO HP ESRO IKE 2 
GFW HP GFW Dornier 1 Pl ate + 
1 Pipe 
Cryogenic HP NASA/GSFC Grumman l Pipe+ 
1 Control 
Photographi C HP NASA/GSFC Grumman l 
and European heat pipe communities and laid the ground work for further cooperative programs 
in the era of the Space Lab. 
9.1.2 Flight Experiments -- Spacecraft 
Several flight experiments have been flown which have demonstrated both fixed conduc-
. tance and variable conductance operation at ambient temperatures. 
F1ight data from the OAO-III (4) which was launched in August, 1972 continues to give 
confidence in long term heat pipe performance. The spacecraft provided a test bid fo~ three 
fixed conductance pipes and a variable conductance heat pipe system. Each of the fixed 
conductance pipes had a different wick design: an axially grooved tube, a pedestal artery,_ 
and a spiral artery. All of these pipes were charged with ammonia for operation between O -
20°C. No detectable evidence of degradation has been noted on any of the heat pipes. 
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The variable conductance heat pipe is part of the Ames Heat Pipe Experiment (AHPE) 
system which was used to provide temperature control for_the On-Board-Processor electronic 
package. A wire mesh kidney-shaped homogeneous wick was used with methanol as the working 
fluid. The AHPE is shown schematically in Fig. 9-1. Nitrogen is used as the control gas in· 
a "hot" non-wicked reserv~ir. Analysis of the data (7) has demonstrated temperature control 
at 20 ± 5°C f?r more than six years. 
The Advanced Thermal Control Flight Experiment (ATFE) (8) was launched aboard the 
Applications Technology satellite-6 (ATS-6) on May 30, 1974. The ATFE which is shown in 
Fig. 9-2 has demonstrated the long-term temperature control capability of a thennal diode, 
an electrical feedback controlled heat pipe (FCHP) and a phase-change material. The experiment 
was designed to permit evaluation of these components on an individual basis and as an 
integrated thermal control system. 
The heat pipes were designed for nominal operation at 28°C. Armlonia was used in the 
diode and methanol in the FCHP. Liquid blockage was incorporated with a -spiral artery wick 
design to accomplish the diode operation. Shutdown with more than a 90°C temperature difference 
was demonstrated. Temperature control to within± 2°C was demonstrated with the FCHP which 
utilized a composite slab wick design. The same pipe when operated as a passive VCRP provided 
± 10°C te~perature control with the same test conditions. 
9.1.3 Flight Experiments~- Shuttle 
The advent of the shuttle will afford additional opportunities for demonstrating heat 
pipe principles as well ~s their behavior as part of a temperature control system. Experi-
ments that are currently planned include the Heat Pipe Experiment Package (HEPP) (Ref. 9) and 
the Transverse Flat Plate Heat Pipe E~periment (Ref. 10). Both Experiments will be flown 
aboard the Shuttle-launched Long Duration Exposure Facility (LDEF). They are each self-
sufficient with respect to electrical power and data storage and utilize their own battery, 
signal conditioning equipment, data multiplexer, encoding and timing systems, and tape 
recorder. Pre-progranrned electrical heaters provide the heat loads for the various opera-
tional modes. After 6 - 9 months, LDEF will be retrieved from orbit and the data from the 
experiments will be analyzed to evaluate their performance. Additional experiments are also 
being planned to plug in the pressurized module of Spacelab as part of a cooperative effort 
between NASA and ESA. 
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A schematic of the HEPP is presented in Fig. 9-3. This experiment is designed to 
demonstrate low temperature (< 200°C) heat pipe operation. This system contains an axially 
grooved aluminum ATS extrusion which will be operated as a fixed conductance heat pipe, and 
a stainless steel axially grooved liquid trap diode design. Ethane is used as the working 
fluid. Heptane is utilized in the phase change material canister which is integrated with 
the main radiator. The canister is designed to provide approximately 25 W-hr of temperature 
stability during forward mode transport tests. 
The Transverse Heat Pipe Experiment consists of four transverse flat plate modules · 
which are mounted together to form a temperature control panel (cp. Fig. 9-4). In the basic 
design of a transverse heat pipe (11), liquid flows in a direction which is perpendi.c-
ular to the vapor flow. Temperature control is achieved by using conventional gas control 
techniques. This experiment is designed to demonstrate variable conductance temperature 
control for high heat loads suitable for space radiator applications. On the inboard side of 
the modules, heaters are mounted to simulate electronic equipment \·1hile the opposite side 
serves as a radiator whose active surface is controlled by the action of the non-condensible 
gas. Methanol is used as the working fluid with nitrogen as the control gas. The maximum 
heat load will be 160 watts. 
9.1.4 Spacecraft Applications 
Ambient temperature heat pipes have been used successfully in a number of spacecraft 
applications· over the past six years. Their acceptance as a reliable aerospace component is 
continually increasing as more experienc~ is gained and as additional applications emerge. 
The most extensive use to date of heat pipes aboard an operational spacecraft has been 
.on the Applications Technology Satellite (ATS-6) launched in May 1974. A total of fifty-five 
heat pipes were placed in equipment p~nels (Fig. 9-5) to carry solar and internal power loads 
to radiator surfaces. Anmonia was used with aluminum axially grooved tubing. Data taken over 
a 24-hour orbital period shows a maximum gradient of 3°C existed from one side of the 
spacecraft to the other. To date. no degradation in the thermal design has been seen. 
The Corrmunications Technology Satellite shown in Fig. 9-6 utilizes three gas-controlled 
heat pipes to provide temperature control of a traveling wave tube (12). A cold wicked 
reservoir design is utilized with methanol as the working fluid and a 10% helium/10% nitrogen 
gas mixture. The helium is included for the purpose of leak testing. A stainless steel felt 
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metal slab with two arteries attached comprises the primary wick design. The heat pipes 
have been operating continuously on a daily cycle carrying up to 200 watts each at a 
nominal operating temperature of approximately 50°C. 
Axially-grooved aluminum extrusions with ammonia working fluid are used to isothermalize 
the equipment platform of the International Ultraviolet Explorer (13) as shown in 
Fig. 9-7. 
The advent of the Space Shuttle and Spacelab offers an opportunity to fly a wide variety 
of scientific instruments at a relatively low cost. Instruments normally flown on balloons, 
sounding rockets as well as spacecraft will have to be protected from the harsh thermal 
environment of space. The problem 1s compounded by the fact that Shuttle heat rejection 
services are quite limited and orientations may be random due to operational considerations. 
The variability of the instruments with regard to size, geometry, power dissipations and 
temperature requirements, has led to the development of a canister for thermal protection 
(14,15). Such a canister is shown in Fig. 9-8 utilizing fixed conductance as well as variable 
conductance heat pipes. The heat pipes in the walls absorb heat generated by instruments 
within the canister and transfer it to radiators mounted outside with a good view to space. 
Feedback variable conductance heat pipes control either the wall temperature, or a 
specific point within the instrument to 20 t 1°C. A power range of 100 - 400 watts with a 
1 W/cm2 power density will be accol!lllOdated. - The size will house up to 1 m x 1 m x 3 m 
instrument of 340 kg weight. An added flexibility will be that the system will be able to 
be "shut down" during adverse periods such as re-entry where heat soak back will occur, by 
activating the reservoir heater on col!ITiand and forcing gas into the heat pipe. This will 
decouple the canister from its radiators which will rise in temperature during re-entry. 
Axially grooved aluminum extrusions charged with armionia are used throughout. 
9.2 TERRESTRIAL 
The potential of heat pipes as an efficient heat transfer device has been demonstrated 
tn a number of terrestrial applications. Significant improvements over conventional systems 
have been realized in such applications as highway deicing (16,17) and energy recovery (18). 
Heat pipes have also been used to resolve numerous electronics and electrical cooling problems 
(19). Recently heat pipes have been applied to the stabilization of the perma-frost in the 
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Trans-Alaskan pipeline (20). Other applications which have been investigated include solar 
energy systems where efficient heat transfer is a necessity. Some of the more significant 
terrestrial applications are discussed below. 
9.2.1 Permafrost Stabilization 
The most significant colMlercial application of heat pipes to date has been their use 
in the Trans-Alaskan pipeline (20) to stabilize the penna frost. Approximately 150,000 
heat pipes with a total cost of over 20 million dollars were installed as shown in Fig. 9-9. 
The heat pipes are used to remove heat from the concrete piles and dissipate it to the 
ambient air in order to prevent thawing of the pennafrost. Accelerated life tests at elevated 
temperature were used to demonstrate a 30-year life for this ammonia/steel tubing heat 
pipe system. 
9.2.2 Deicing Systems 
Heat pipe deicing systems have been investigated by the U. S. Department of Transporta-
tion for application in locations where frozen pavement surfaces cause a high safety risk. 
In particular, deicing of access ramps, dangerous sections of roads and highways, bridges 
and airport runways have been considered. Various systems have been investigated including 
systems which utilize stored earth energy (Figs. 9-10 and 9-11 ) and augmented systems such 
as the solar powered system illustrated in Fig. 9-12 • In all such systems, the heat pipe 
is used as· a reliable and efficient means of heat transfer to collect, transport and 
distribute thennal energy. 
Systems which utilize stored earth energy typically consist of a series of heat pipes 
which operate in a reflux-boiler mode {Fig, 9-10), As th~ temperature of the pavement surface 
drops below that of the ground, the two-phase en~rgy transport mechanism of the heat pipe is 
initiated. Energy from the higher temperature (ground) region evaporates the heat pipe 
working fluid and is transported as latent heat of vaporization to cooler (pavement) zones 
where it is released through condensation. Liquid is then returned to the higher tempera-
ture region via gravity reflux. Heat pipes used in deicing applications (21) have· 
been constructed of black iron pipe (l in.) charged with ammonia, The vertical leg has 
ranged from 10-15 m and the pavement portion is typically 4-6 m long. Heat loads are 
on the order of 150 watts with an overall conductance of about 100 W/°C. 
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Extraction of earth stored energy with heat pipes has been evaluated at the U. S. 
Department of Transportation's Fairbank Highway Research Station (FHRS) (21). Six 
concrete_ test panels measuring 2.44 by 3.66 m contain embedded heat pipes on 10, 15 and 
20-cm centers. Three panels melted snow with the earth heat extracted by vertical in-ground 
legs of 9.15 and 12.19 m. The other three panels used electrical heaters to power the 
in-concrete heat pipes. 
Tests performed during two major snowfalls confirmed that earth heat 
extraction with heat pipes is a viable technique for pavement deicing. During one test, 
22-cm of snow was deposited on the surrounding ground with temperatures dropping to a low 
of -8°C and wind ousts up to 45 kph. The earth heat pipe test panels were capable of 
melting most of the incident snowfall: Extensive drifting , combined with a wicking of 
melt water, contributed to ice ridge formation in some areas. However, the ice did not 
adhere to the pavement surface. In highway applications, normal traffic flow should 
dislodge ice ridges and contribute to melting. 
Another test was conducted when 15-cm of snow fell in a period of 12 hours, while the 
air temperature hovered between -6 and -4°C and winds were variable up to 17 kph gusts. 
The earth heat pipe panels were capable of maintaining a clean surface, except for some 
isolated a~eas. During the same tests, the electrically powered test panels, which had 
an average heat input of 107 W/m2 , also melted all incident snowfall. 
More recently, utilization of heat pipe extracted ground stored energy has been 
evaluated at a highway range in West Virginia with excellent results. Studies have also 
been conducted to determine the applicability of heat pipe systems for the deicing of 
bridges (17) and airport runways (22). 
9.2.3 Heat Recovery 
Extensive application developments have been underway for several years in the 
utilization of heat pipes to reclaim the thermal energy of exhaust air in heating, ventila-
tion and air conditioning {HVAC) systems and from exhaust gases in industrial processes. 
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Typical heat pipe heat recovery units consist of a grouping of heat pipe elements 
illustrated in Fig.9-13. The heat pipe elements are usually externally finned to provide 
efficient heat transfer to and from the exhaust and intake streams. In a typical 
application, a portion of the heat pipes extends into a hot air stream while the 
other portion of the heat pipes extends into a cold air stream. Heat is transferred from . 
the hot air stream to the evaporator section of the heat pipe via the external fins. This 
heat is then transported, by the evaporation/condensation process, from the evaporator to 
the condenser section of the heat pipe. There, the heat is transferred through th~ external 
fins in that section to the cold air stream. 
The advantages of heat pipe heat recovery units are many including wide fl~xibility 
of packaging resulting from the self contained nature of each heat pipe element. This 
packaging flexibility allows optimization with respect to counterflow heat exchange, air 
stream flow rates and fin spacing. In addition. the heat pipes can be made of a variety 
of materials suitable for any application. 
By combining a few to several hundred heat pipes with extended area fins into a heat pipe 
module, a thermal path between two counter-flow air streams is created which allows large 
quantities of heat to be transferred from one region to another with low temperature drops. 
9.2.4 · Electronic and Electrical Equipment 
Application of heat pipes to cool electronic and electrical equipment have been many 
and varied. Heat pipes have been utilized to cool individual, high power-dissipating 
components (Fig. 9-14), and electronic components such as P. C, boards as well as an entire 
system such as the electronic cabinet cooler illustrated in Fig. 9-15. 
In individual component cooling the heat pipe serves to lower the resistance between 
the heat dissipating component and the environment. The heat pipe provides increased 
efficiency in air-cooled applications requiring large heat sinks. It also allows remote 
location of the heat sink in high density packaging. 
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For total system cooling, the heat pipe provides a self-contained heat exchanger 
package which can efficiently transfer heat from the cl~an internal air of an electronic 
enclosure to cooler external ambient air from a harsh environment such as encountered by 
on-line industrial equipment. Complete isolation between air streams provides contamina-
tion free operation of the electronic enclosure. 
Heat pipes have been found to be especially suitable for applications where water 
cooling is inconvenient and the complexity and cost of air conditioners are prohibitive. 
In such applications, the capacity of the heat pipe is limited oTily by available space for 
air heat exchange surface and the temperature of the environment. A variety of heat pipe 
designs suitable for electronic cooling application are available from a number of 
vendors. 
9.2.5 Solar Collectors 
Solar energy systems require efficient heat transfer from collectors to the energy 
storage areas and points of utilization. Heat pipes have been under investigation for 
several years for applications with large solar collectors (23). 
Fig. 9-16 illustrates a typical solar collector for an electrical power generation 
station. The solar collector consists of a parabolic reflector rotating with the sun, a 
heat pipe in a glass envelope, an energy storage unit and a steam generator. A prototype 
study (24} has shown that a heat pipe of 0.09 m (3.5-in.) diameter and 11 m (36 ft.) long 
can collect 18,000-W peak load while operating at 573 K (571°F}. 
Flat pl.ate collectors utilizing heat pipes (Fig. 9-17) have also been investigated 
for heating of residences and large buildings. In such a design the heat pipe is 
used to collect the solar energy from a large area and transfer it to a small area where 
an energy storage liquid is heated.· 
The flat-plate solar collector using heat pipes has the advantage of eliminating the 
. 
liquid which is circulated under the large collector plates. Also, its heat pipes can be 
operated as diodes to cut off the loss of heat from the storage liquid to the atrnos-phere 
when the collector plate is at a lower temperature. 
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9.3 SPECIAL TYPES OF HEAT PIPES 
There are obviously a multiplicity of applications of heat pipes to temperature control 
and heat transfer systems. In many cases special heat pipe designs which incorporate the basic 
two-phase heat exchanger are required to satisfy the particular application. Flat plate vapor 
chambers are required when uniform temperature surfaces are specified as in the case of the 
Atmospheric Cloud Physics Lab. Flexible heat pipes have been developed for application to 
detector syst~ms. In addition, various methods have been devised to provide circulation of 
the working fluid in applications where capillary pumping is inadequate. This section 
describes several of the more significant special heat pipe designs now in use or under 
development. 
9.3. 1 flat Plate Heat Pipes 
A number of flat plate vapor chambers whose design is similar to that shown in Fig. 9-18 
have been developed over the past few years (19,25). The major characteristic of this design 
is its ability to provide a surface with a very high thennal conductance. Care must be taken 
fn providing adequate pressure containment for the working fluid. In general, the internal 
surface of each face is wicked to accorrmodate either evaporation or condensation. Transverse 
wick bridges are used to provide a return path for the liquid between the plates and also 
along the plate. Internal structural supports can be employed to strengthen the unit or to 
provide for attachment of external components. 
9.3.2 Flexible Heat Pipes 
Flexible heat pipes are desirable in appiications where the assembly prohibits incorpora-
tion of a rigid heat pipe or where flexibility is needed to accomodate vibration or temperature 
cycling. Flexibility is also required to permit in-orbit deployment, and orientation or scanning 
of detector systems. A typical flexib)e heat pipe design which was developed for detector 
cooling (25) is presented in Fig. 9-19. Flexibility in the.container design is obtained by 
employing a bellows system which can be reinforced with an external steel braid material. 
FJexibility in a screen wick is obtained by orienti~g the crossmembers or fibers on a bias 
relative to the longitudinal axis of the wick to avoid normal compression of the fibers in 
bending. With square mesh screens that are commonly used, bias angles between 30 and 60 
degrees provide the greatest flexibility. In addition this also provides the axial pliability 
needed for expansion and contraction. Maximum flexure in all directions requires a wick which 
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9.3.3 Electrohydrodynamic Heat Pipes 
One method for improving the liquid pumping capability which has been successfully 
demonstrated (27) with heat pipes is the application of electrostatic forces to collect, 
guide, and pump the liquid condensate. The basic concept is to replace the capillary wick of 
a conventional heat pipe with an electrode structure as shown in Fig. 9-20 and to utilize a 
dielectric working fluid. This concept can be employed in flat plate configurations as 
illustrated in Fig. 9-21. · 
The electrohydrodynamic heat pipe developed by Jones (27) consists of a thin-walled tube 
of aluminum, with end caps made of an insulating material such as plexiglass. A thin ribbon 
electrode is stretched and fixed to the end caps in such a way that a small annulus is fonned 
between it and the heat pipe wall over the con:iplete length of the heat pipe. This annulus 
is only confined to about 20 percent of the heat pipe circumference, and provision must be 
made for distributing the liquid around the evaporator by conventional means. 
When a sufficiently high voltage is applied, the working fluid collects in the high 
electric field region between the electrode and the heat pipe wall, forming a type of tent as 
shown in Figs. 9-20 and 9-21. Evaporation of the liquid causes a net recession at the evaporator, 
whereas cooling at the condenser causes an outward bulging of the liquid interface. This 
creates an inequality in the electromechanical surface forces acting nonnal to the liquid 
surface, causing a negative pressure gradiant between condenser and evaporator. Thus a 
liquid flow ts established between the two ends of the heat pipe. 
A pumping capability which is up to two times greater than that developed by 
capillary action can be obtained with this technique. Electrostatic pumping has also 
been considered for arterial priming and is a means to achieve variable conductance. 
9.3.4 Osmotic Heat Pipe 
An osmotic heat pipe differs from a conventional heat pipe in that a semipermeable 
membrane is used to circulate the liquid instead of a capillary wick. A simple osmotic heat 
pipe is shown in Fig. 9-22. A binary mixture of solvent and solute is required along with a 
semipermeable membrane. Application of heat to the working solution causes it to evaporate 
to a pure solvent which enters the vapor passage and flows to the condenser section where it 
344 
Evaporator 
Grooved Area 
Addition 
High Voltage 
Electrode 
Electrode 
Liquid 
Flow 
Heat 
Rejection 
-
-
High Voltage 
Power Supply 
Fig. 9-20 Schemat1c of an EHD heat pipe 
Condenser 
Section . 
Liquid Tent 
Fig. 9- 21 EHO flat plate heat pipe 
345 
EHD Channel 
SECTION AA 
Brass Plate 
Ill r 
( 
condenses and flows into the semi-permeable membrane. The pure liquid solvent then passes 
through the membrane into solution in the return channel. The passage of the solvent 
through the membrane creates an osmotic pressure which Cqn be several orders of magnitude 
·reater than capillary heads. Since this pressure is considerably greater than the hydro-
static head of the solution in the return channel, a flow of solution to the evaporator 
is effected and the heat piping process is accomplished. 
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Fig. 9-22 Simple osmotic heat pipe 
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-9.3.5- Rotating Heat Pipes 
One method of improv.i ng upon the_ performance of rotating machinery components is to 
provide internal cooling using the rotating, wickless heat pipe which is shown schematically 
in Fig. 9-23. It consists of a sealed hollow shaft, having a slight internal taper from 
one end to the other, and c~ntaining a fixed amount of working fluid. When the shaft is 
rotated at high speed about its longitudinal• axis, the working fluid collects as an annulus 
at the large end. The diameter may be stepped at this end to provide a larger liquid 
reservoir. Heat added to this end of the shaft (evaporator} evaporates the working fluid, 
generating vapor which then flows axially toward the other end. Heat removed from this end 
of the shaft (condenser) condenses the vapor. The centrifugal forces accelerate the liquid 
condensate back to the ev4porator to complete the cycle. Since it has no wick structure, 
the rotating heat pipe c~n operate at substantially higher heat fluxes than a conventional, 
capillary heat pipe. Its performance is controlled primarily by the thermal resistance· 
due to condensation. 
Experimental results presented in Ref. (28) show that the evaporator performs better 
at higher heat loads because of the well-known pressure effect upon nucleate boiling. Care 
must be exercised in designing a rotating heat pipe to insure that the internal condensa-
tion resistance is of the same order as the condenser wall resistance, and outside convection 
resistance. Performance can be improved by operating at higher rotational speeds, by 
using thin-walled, high-conductivity condensers _and by promoting dropwise condensation . 
• 
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For a ,ery thorough bibliography on heat pipes, the user is referred to the NASA 
sponsored ~'Heat Pipe Technology - A Bibliography with Abstracts" published periodically 
by the Technology Application Center at the University of New Mexico, Albuquerque, New 
Mexico. 
Another thorough bibliography on heat pipes can be obtained from the Small Business 
Administration, Philadelphia Regional Office, 646 West Lobby, One Bala Cynwyd Plaza, 
231 St. Asaphs Road, Bala Cynwyd, Pennsylvania 19004. This bibliography is divided into 
three parts: COMPENDEX, ISMEC, and NTIS and is researched by Documentation Associates, 
11720 West Pico Boulevard, Los Angeles, California 90064. An excerpt from this listing 
is shown below. 
ACCESSION NUMBER 
TITLE 
TITLE NOTE 
AUTHORS 
O'IGANIZATIONAL SOURCE 
PAGINATION/DATE 
ISSUE 
NTJS PRICES 
AVAILABlLlTY 
REPORT NOS. 
CATEGORY COOES 
INDEX TERMS 
SUPPLEMENTARY TEAMS 
ABSTRACT 
PATENT·3 935 063 
Em•roency Heat Removal Syst•m for• Nucl•ar 
Reactor 
Patent 
Dunckel, T. l. 
to Eneroy R•search and Development 
Administration. 
Fll•d 28 Nov 73, Patented 27 Jan 75; 10p 
U7702 
NTIS Prices: PC A02/MF A01 
This Government-owned Invention aval1ab1• for 
U.S. licensing and. possibly. for for•lon 
licensing. Copy of patent available 
Commissioner of Patents. Washington, D.C. 
20231 so.so. 
PAT·APPL•4f9 832 
181; 77H; 90C 
•awr type reactors: •Eccs; •Heat pipes; 
'l.fflfbr ~ype reactors; •Pwr type reactors: 
.Configuration; Heat transfer; Performance 
EROA/210100: EROA/210200; EROA/210500; 
•Patents: NTISGPEROA; NTISEROA 
A neat removal •ystem for nuclear reactors 
serving as a su~plement to an Emergency Cor• 
Cooling System CECCS) durlno a Loss of 
Coolant Accident (LOCAi comprises a plurality 
Of heat pipes havtno one end 1n neat transfer 
relationship with either the reactor pressure 
vessel, the core support orld structure or 
Other ln•core components and the opposite end 
located In heat transfer r•latlonsnlp with a 
h•at exchanger having heat transfer fluid 
therein. The heat excnanoer 1s located 
external to the pressure vess•l where0y 
excessive core heat ts trans,erred from the 
a0ove reactor components and dts11pated 
within the heat exchanoer fluid. (ERA 
Citation 01:023239) 
·351 
1966 
-
1967 
BIBLIOGRAPHY 
l. Grover, G. M., Cotter, T. P. and Erikson, G. F., "Structures of Very High 
Thermal Conductivity," J. Appl. Phys., 35, 1990 (1964). 
2. Busse, C. A., Caron, R. and Cappelletti, C., "Prototype of Heat Pipe 
Thermionic Converters for Space Reactors," Proc. of 1st Int'l. Conf. on 
Thermionic Electrical Power Generation, London, 1965. 
3. Cotter, T. P., "Theory of Heat "Pipes," Los Alamos Scientific Laboratory 
Report LA-3246-MS, February 1965. 
4. Devera 11, J. E. and Kerrme, J. E,. "High Thermal Conductance Devices Uti11z1ng 
the Boiling of Lithium and Silver," Los Alamos Scientific Laboratory, 
LA-3211 , 1965. 
5. Oeverall, J. E. and Kemme, J. E., "Satellite Heat Pipe," Los Alamos Scientific 
Laboratory Report LA-3278-MS, January 1965. 
6. Marcus, B. 0., "On the Operation of Heat Pipes," TRW Report 9895-6001-TU-OOO, 
May 1965. 
7. Ranken, W. A. and Kemme, J. E., "Survey of Los Alamos and Euratom Heat Pipe 
Investigations," IEEE Conf. Record of 1965 Thermionic Conversion Specialist 
Conf., San Diego, California, October 1965, pp. 325-336. 
8. Wyatt, T., "A Controllable Heat Pipe Experiment for the SE-4 Satellite," 
Appl, Phys. Lab., Johns Hopkins University, S00-1134 (1965}. 
9. Busse, C. A., -Gelger, G., Quataert, O., Potzschke, M., "Heat Pipe Life Test 
at l60ooc and 1ooooc, 11 1966 IEEE Thermionic Specialist Conference, Houston, 
Texas, pp. 149-58. 
10. Ke11111e, J. E., "Heat Pipe Capability Experiments," Los Alamos Scientific 
Laboratory Rept. LA -3585-MS, October 1966. 
11. Kenne, J.E., "Heat Pipe Capability Experiments," Proceedings of Joint 
AEC/Sandia Labs., Heat Pipe Conf. 1, SC-M-66-223, October 1966, pp. 11-26. 
12. Luikov, A., "Heat and Mass Transfer in Capillary-Porous Bodies," Pergamon 
Press, New York, 1966. 
13. American Society of Heating, Refrigeration, and Air Conditioning Engineers, 
"Handbook of Fundamentals," 1967. 
14. Anand, D. K. and Hester, R. B., "Heat Pipe Application for Spacecraft Thermal 
Centro 1 , " Tech Memo DOC AD 662 24, NASA NGS-15338, 1967. 
352 
Iii 
( 
1967 - Continued 
1968 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
Cosgrove, J. H., Ferrell, J. ~ and Carnesle, A., J. Nuclear Energy il, 
pp. 547-558, 1967. 
Cotter, T. P., "Heat Pipe Startup Dynamics," IEEE 1967 Thermionic Conversion 
Specialist Converence, Palo Alto, California, Oct. 30, 1967. 
Devera 11, J. E., Salmi. E. W. and Knapp, R. J., "Orbital Heat Pipe Experiment·, 11 
Los Alamos Scientific Laboratory Report LA-3714, June 5, 1967. 
Ernst, D. M., "Evaluation of Theoretical Heat Pipe Performance," Thermionic 
Conversion Specialist Conference, Palo Alto, California, October 30 -
November 1, 1967, pp. 349-354. 
Frank, S., Smith, J. T. and Taylor, K., "Heat Pipe Design Manual," Martin 
Marietta Corporation, Nuclear Division Report 3288, 1967. 
Harbaugh, W. E., "The Development of an Insulated Thermionic Converter-Heat 
Pipe Assembly," RCA Rept. AF APL TR-67-45, 1967. 
KelTITle, J. E •• "High Performance Heat Pipes," IEEE 1967 Thermionic Specialist 
Conference, Palo Alto, California, October 1967, pp. 355-358. 
Kunz, H. R., Langston, L. S., Hilton, B. H., Wyde, S. S. and Nashick, G. H., 
"Vapor-Chamber Fin Studies," NASA CR-812, June 1967. 
Parker, G. H. and Hanson, J.P., "Heat Pipe Analysis," Advances in Energy 
Conversion Engineering ASME 1967 Iritersociety Energy Conversion Conference, 
Miami, Fl9rida, August 1967, p. 857. 
Schins, H. E. J., "Liquid Metals for Heat Pipes, Properties, Plots, and Data 
Sheets," Eura tom Report EUR 3653e, 1967. 
Smithells, C. J., "Metals Reference Book, 0 Vol. 3, Plenum Press, New York, 
1967. 
26. Busse. C. A .• Geiger, F., Strub, H., Potzschke, M. and Kraft, G., "High 
Temperature Lithium Heat Pipes," 2nd Int'l. Conf. on Thermionic Electrical 
Power Generation, Euratom Report. EUR 4210 f.e., 1968, pp. 495-506. 
27. Farran, R. A. and Starner, K. E., "Determining Wicking Properties of 
Compressible Materials for Heat Pipe Applications," Annual Aviation and 
Space Conference, Beverly Hills, California, June 1968, pp. 659-669. 
28. Freggens. R. A., "Experimental Determination of Wick Properties for Heat Pipe 
Applications," Proc. of 4th Intersociety Energy Conversion Conference, 
Washington, D. C., September 1968, pp. 888-897. 
29. Grover. G. M., Kemme, J. E., and Keddy, E. S., "Advances in Heat Pipe 
Technology," Proceedings 2nd Int'l. Conf. Thermionic Electrical Power 
Generation, Stresa, Euratom Rept. EUR-4210, f.e., Ispra, Italy, 1968,. 
pp. 477-90. 
30. Johnson, G. 0., "Compatibility of Various High Temperature Heat Pipe Alloys 
with Working F'luids," IEEE 1968 Thermionic Conversion Specialist Conf., 
Framingham, N. Y., 1968, pp. 258-65. 
31. Katzoff, S., "Heat Pipes and Vapor Chambers for Thermal Control of Spacecraft, 11 
Thermophysics of Spacecraft and Aeronautics,~ Academic Press, New York, 
1968, pp. 761-818. 
353 
1968 - Continued 
1969 
1970 
32. Levy, E. K., "Theoretical Investigation of Heat Pipes Operating at Low Vapor 
Pressures," Trans. ASME, J. for Industry, November 1968, p. 547. 
33. Rouklove, P., Corrment in Proceedings of 2nd Int'l. Conf. on Thermionic 
Electrical Power Generation, Stresa, Eurathom Rept. EUR 4210, f.e., Ispra, 
Italy 1968, p. 494. 
34. Shlossinger, A. P., 11 Heat Pipe Devices for Space Suit Temperature Control," 
TRW Systems Rept. No. 06462-6005-RO-OO, November 1968. 
35. Varljen, T. C., "A Computer - Subroutine to Generate the Thermophysical 
Properties of Space-Power System Working Fluids," WANL-TME-1838, November 1968. 
36. 
37. 
38. 
39. 
40. 
41. 
4Z. 
Busse, C. /Jr., "Heat Pipe Thermionic Converter Research in Europe," 4th !ntersociety 
Energy Conversion Engineering Conference, Washington, D. C., September 1969. 
Deverall, J. E., "Capability of Heat Pipes," Heat Pipe Technology & Manned Space 
Station Appl. Technical Interchange, Huntsville, Alabama, May 27, 1969. 
Eastman G. Y., "The Heat Pipe - A Progress Report," 4th Intersociety Energy 
Conversion Engineering Conference, Washington, 0. C., September 1969, pp. 873-8. 
Kemme, J. E., Quarterly Status Report on Space Electric R&O Program for period 
ending Jan. 31, 1969, Pt. 1. Los Alamos Scientific Laboratory Rept. LA-4109-MS. 
Moritz, K. and Pruschek, R •• "Energy Transport Limits in Heat Pipes," Chemie 
Ingenieur Technik il, 30, 1969. 
Phillips. E. C., "low Temperature Heat Pipe Research Program," NASA CR-66792, 
June 1969. 
Shefsiek, P. K. and Ernst, 0. M., "Heat Pipe Development for Thermionic 
Application," 4th Intersociety Energy Conversion Conference, Washington, D.C., 
1969, pp. 879-887. 
43. Bienert, W. 8., "Study to Evaluate the Feasibility of a Feedback Controlled 
Variable Conductance Heat Pipe," Contract No. NAS 2-5722, Dynatherm Corporation 
Rept. DTM-70-4, September 1970. 
44. Bress1er, R. G. and Wyatt, P. W., "Surface Wetting Through Capillary Grooves," 
Trans, ASME, J. Heat Transf., pp. 126-132, 1970. 
45. Busse, C. A., Geiger, F., Quataert, 0., "Status of Emitter Heat Pipe Development 
at Ispra, 11 IEEE Con. Record of Thermionic Specialist Conference, 1970. 
46. Chi, S. W. and Cygnarowicz, T. A., "Theoretical Analyses of Cryogenic Heat 
Pipes," 1970 Space Technology and Heat Transfer Conference, January 1970. 
47. Chi. S. W., "Mathematical Modeling of Cryogenic Heat Pipes, 11 Final Report 
NASA Grant No. NGR09-005-071, Catholic University of America, Sept. 1970. 
48. Deverall, J. E., "Mercury as a Heat Pipe Fluid," Los Alamos Scientific 
Laboratory, LA-4300-MS, January, 1970. 
354 
( 
. 
'· 
1970 - Continued 
1971 
49. 
so. 
51. 
52. 
53. 
54. 
55. 
56. 
Devera11, J.E., Kemn!e, J.E., and Florschuetz, L. W., "Sonic Limitations 
and Startup Problems of Heat Pipes," Los Alamos Scientific Laboratory, 
LA-4518, November 1970. 
Ferrel, J. K. and Alleavitch, J., "Vaporization Heat Transfer in Capillary 
Wick Structures," Chemical Eng. Prog. Symposium Series V66, Heat Transfer. 
Minneapolis, Minn., 1970. 
Freggens, R. A. and Langsderff, R. W., "Development of High Performance 
Sodium/Nickel Heat Pipes," Intersociety Energy Conversion Engineering 
Conference, Las Vegas, Nevada, September 1970. 
Johnson6 G. D., "Corrosion Studies of Liquid Metal Heat Pipe Systems at 1000°c to 1800 C." In Draley, J.E., and Weeks, J. R., "Corrosion by Liquid Metals," 
Plenum Press, N. Y., 1970, pp. 321-37. · 
Marcus, B. O. and Fleischmann, G. L., "Steady State and Transient Perfonnance 
of Hot Reservoir Gas Controlled Heat Pipes," ASME 1970 Space Techn. and Heat 
Transf. Conf., Los Angeles. California, June 1970. 
Soliman, M. M., Grauman, D. W. and Berenson, P. J., "Effective Thermal 
Conductivity of Saturated Wicks," ASME Paper No. 70-HT/SpT-40. 1970. 
Basiulis, A. and Filler, M .• "Operating Characteristics and Long Life 
Capabilities of Organic Fluid Heat Pipes," AIAA 6th Thermophysics Conference, 
Aprtl 26-28, 1971 , (AIAA Paper No. 71-408). 
Bienert, W. B. and Brennan, P. J., "Transient Performance of Electrical Feedback 
Controlled Variable-Conductance Heat Pipes," ASME Paper 71-Av-27. SAE/ASME/ 
AIAA Life Support and Environmental Control Conference, San Francisco, 
Cal if orn 1 a, Ju 1 y 12-14 , 1971 . · 
57. Bienert, W. B., Brennan, P. and Kirkpatrick, J.P., "Feedback Controlled 
Variable Conductance Heat Pipes," AIAA Paper No. 71-42, 6th Thermophysics 
Conf., Tyllahoma, Tenn., April 1971. 
58. Bienert, W. B. and Krol iczek, E., "Experimental High PerfQrmance Heat Pipes 
for the OAO-C Spacecraft," SAE/ASME/AIAA Life Support and Environmental 
Control Conference, July 1971, San Francisco, California, ASME 71-Av-26. 
59. Brennan, P. J., Trirrrner, D.S., Sherman, A. and Cygnarowicz, T., "Arterial 
and Grooved Cryogenic Heat Pipes," ASME, Heat Transfer Div., Winter Meeting 
November 28, 1971 , ASME- Paper 71-WA/HT-42. 
60. Busse, C. A •• "Heat Pipes for Thermionic Space Power Supplies," Proc. 3rd 
Int'l. Conf. on Space Technology, Rome, 1971. 
61. Chi, S. W., "Introduction to Heat Pipe Theory," George Washington University, 
Washington, D. C., 1971. 
62. Dyna therm Corporation, Cockeysvill e, Md., "Design, Fabrication and Qual ifica-
tion of Heat Pipes for ATS F&G," 2nd Monthly Progress Report. Contract 
SC 68280 (Fairchild Industries), June 9, 1971 
63. Edwards, D. K., Fleischman, G. L., and Marcus, B. D., "User's Manual for the 
TRW GASPIPE Program," NASA CR-114306, April 1971. 
355 
1971 - Continued 
1972 
64. Feldman, K. T., Jr., Ed., "Heat Pipe Technology - A Bibliography with 
Abstracts," Technology Application Center, University of New Mexico, 
Albuquerque, New Mexico, Published Quarterly, 1971. 
65. Gerrels, E. E. and Larson, J. W., "Brayton Cycle Vapor Chamber (Heat Pipe} 
Radiator Study, 11 NASA CR-1677, February 1971. 
66. Groll, M., Brost, O., Kreeb, H., Schubert, K. and Zimmerman, P., "Power 
Limits, Technology, and Application of Low Temperature Heat Pipes," 
Forschung im Ingenieurwessen ll, pp. 33-37, 1971. 
67. Kenme, J. E., Quarterly Status Report on Space Electric Power R&O Program, 
July 31, 1971, Los Alamos Scientific Laboratory Rept. LA-4746-MS. 
68. Levy, E. K., "Effects of Friction on the Sonic Velocity Limit in Sodium Heat 
Pipes," ASME Paper HPT-71-022. 
69. Marcus, 8. 0., "Theory and Design of Variable Conductance Heat Pipes," 
NASA CR-2018, July 1971. 
' 70. Quataert, 0., "Investigations of the Corrosion Mechanism in Tantalum-
Lithium High Temperature Heat Pipes by Ion Analysis," Forsch. Ing. Wes. li, 
pp. 37-38, 1971. 
71. Reiss, F. E. and Schretzmann, K., "Boiling Tests with an Open Grooved 
Capillary Evaporator," Forschungen im Ingeni eurwesen xz, pp. 55-58, l 971 . 
72. Winter, E. R. F. and Barsch, W. 0., "The Heat Pipe, 11 in Advances in Heat 
Transfer, Vol. 7, Ed. by Irvine, T. F. and Hartnett, J. P., Academic Press, 
New York, 1971 . 
73. 
74. 
75. 
76. 
77. 
78. 
79. 
80. 
Alario, J. P., Prager, R. C., "Space Shuttle Orbiter Heat Pipe Applications. 
Volume 1 Synopsis," Grurrman Aerospace Corp., 30 April 1972. 
Alario, J. P., Prager, R. C., "Space Shuttle Orbiter Heat Pipe Applications. 
Volume 2 Final Report," Grunman Aerospace Corp., April 1972. 
Bacigalupi, R. J., "Fabrication and Evaluation of Chemically Vapor Deposited 
Tungsten Heat Pipe," National Aeronautics and Space Administration, Lewis 
Re sea re h Center, 1972 . · 
Edwards, D. K., Fleischman, G. L., Marcus, B. D., "Theory and Oesig_n of 
Variable Conductance Heat Pipes Steady State and Transient Performance," 
TRW Systems Group, Dec: 1972. · 
Eliseev, V. 8., Sergeev, 0. I., 11 Heat Pipe: New High-Temperature Heat-Transfer 
Device," Joint Publications Research Service. 
Feldman, K. T., Jr., "A Study of Optimum Wick Design in water Heat Pipes," 
New Mexico Univ. Albuquerque Bureau of Engineering Research. 
Fraas, A. P., Samuels, G, "Isotope Kilowatt Program Quarterly Progress Report 
for Period Ending December 31, 1971," Oak Ridge National Lab. 
Fraas, A. P., Samuels, G., "Isotope Kilowatt Program Quarterly Progress Report 
for Period Ending March 31, 1972," Oak Ridge National Lab. 
356 
III IT 
i 
I 
.. 
' 
1972 - Continued 
81. Garg, S. C., "Investigation of Heat Pipe Technology for Naval Applications," 
Naval Civil Engineering Lab., Port Hueneme, Calif., Feb. 1972. 
82. Hanke, H., "Design and Optimization of a Fast Heat Pipe Thermionic Reactor," 
Vols. 1 and 2, Scientific Translation Service, Santa Barbara, Calif., 
Feb. 1972. 
83. Hitschke, U., "Study of the Possible Application of Heat Pipes in Steam 
Generators of Sodium-Cooled Reactors," Kernforschungszentrum, Karlsruhe (West Germany) Institut Fuer Reaktorentwicklung, December 1972. 
84. Ho 11 i ster, M. P. and Ekern, W. F. , "Perfonnance of a Prec1 s ion Therma 1 Centro 1 
System Using Variable Conductance Heat Pipes," AIAA 7th Thermophysics Cone., 
San Antonio, April 1972. 
85. Jones, T. B., Perry, M. P., •Entrainment in Electrohydrodynamic Heat Pipes," 
Colorado State University, Fort Collins, Dept of Electrical Engineering, 
Aug. 1972 •. 
86. Jones, T. B., and Perry M. P., "Experiments with an Electrohydrodynamic Heat 
Pipe," Colorado State University, Fort Collins Dept. of Electrical Engineering, 
Sept. 1972. 
87. Kossen, R., Hemback, R., Edelstein, F. and Tawil, M., "A Tunnel Wick 100,000 
Watt-Inch Heat Pipe," AIAA Thermophysics Conference, San Antonio, Texas, 
April 1972. 
88. Kroeger, E. W, Ward, J. J. and Breitwieser, R., "An out-of-Core Version of a 
Six Cell Heat-Pipe Heated Thermionic Converter Array," National Aeronautics and 
Space Administration, Lewis Research Center, 1972. 
89. "Quarterly Status Report on the Space Electric Power R&D Program for the Period 
Ending January 31, 1972," Los Alamos Scientific Lab., N. Mex., Feb. 1972 • 
90. Marcus, B. D., "Ames Heat Pipe Experiment (Ahpe) Experiment Description 
Document," TRQ Systems Group, Redondo Beach, Calif., Materials Science Staff, 
Jan. 1972. 
91. Marcus. 8. D., "Theory and Design of Variable Conductance Heat Pipes," NASA 
CR-2018. TRij Systems Group, Redondo Beach, Calif., April 1972. 
92. Marshburn, J. P., "Heat Pipe Investigations," NASA/Goddard Space Flight 
Center, May 1972. 
93. Marshburn, J. P., "Techniques Associated with Thermal-Vacuum Testing of the 
Oao C Heat Pipes," NASA/Goddard Space Flight Center, Aug. 1972. 
94. Marto, P. J., "An Analytical and Experimental Investigation of Rotating, Non-
Capillary Heat Pipes," Naval Postgraduate School, Monterey, Calif., Dept. of 
Mechanical Engineering, Nov. 30, 1972. 
95. McKechnie, J., "The Heat Pipe: A List of Pertinent References," National 
Engineering Lab, East Kilbride .{Scotland), Mar. 1972. 
96. Mortimer, A. R, "Cryogenic Heat Pipe: A Review of Work at the Rutherford 
Laboratory," Rutherford High Energy Lab., Chilton (England), Aug. 1972. 
97. "Heat Pipe Technology. A Bibliography with Abstracts. Cumulative Volume 
through Dec. 31, 1972," New Mexico Univ., Albuquerque, Technology Application 
Center, Dec. 31, 1972. 
98. Reynolds, K. E., "Investigation of the Performance of a Gas-Loaded Variable 
Conductance Heat Pipe," Naval Postgraduate School, Monterey, Calif., Dec. 1972. 
357 
1972 - Continued 
99. Saaski, E. W,, "Investigation of Bubbles in Arterial Heat Pipes," McDonnell-
Douglas Astronautics Co., Richland, Wash., Dec. 1972. 
100. Skrabek, E. A. and Biernert, W. 8., "Heat Pipe Design Handbook," NASA Contract 
NAS9-11927, Dynatherm Corporation Report No. 72-3, August 1972. 
101. Steininger, Jacques and Reed, Thomas 8., "Application of Heat Pipe Technology 
to Crystal Growth," (Reprint), Massachusetts Inst. of Tech.,Lexington, Lincoln 
Lab., 1972. 
102. Swerdling, B. and Kosson, R., "Design, Fabrication and Testing of a Thermal 
Diode," Final Report, 1 Jul 1971 - 15 Nov. 1972, Grunman Aerospace Corp., 
Bethpage, N.Y., Nov. 1972. 
103. Werner, R. W., 11 Heat Pipes as'a Means of Energy Removal from Thermonuclear 
Reactor Vacuum Walls," California Univ., Livermore, Lawrence Livermore Lab., 
July 24, 1972. 
104. Woodard, J. S., 11 The Operation of Rotating Non-Capillary Heat Pipes, 11 Naval 
Postgraduate School, Monterey, Calif., March 1972. 
105. Wright, J. P., "Computer Program for the Design and Analysis of Heat Pipes," 
North J1merican Rockwell, Space Division, Report No. SD72-SA-001, Jan. 1972. 
106. 11 International Heat Pipe Conference Proceedings, October 15-17, 1973," Stuttgart, 
Federal Republic of Germany. 
107: Alario, J., "Space Shuttle Heat Pipe Thennal Control Systems,•• Final Report, 
Jun. 1972 - Oct. 1973, Grurrman Aerospace Corp., Bethpage, N.Y., Oct. 1973. 
108. Anand, 0. K., "Heat Pipe Symposium/Workshop held at College Park, Maryland on 
5 - 6 November 1973," Science Foundation, Washington, 0. C., Nov. 1973. 
109. Birnbreier, H., Ganmel, G., Heidtmann, U., Joens, M., and Pawlowski, P. 11 A 
Novel Method of Cooling Semiconductor Devices for Power Electronics," Brown, 
Boveri and Cie, A. G. 1 Heidelberg, West Germany, Apr. 1973. 
110. Busse, C. A., "Material Problems for High Temperature Heat Pipes, 11 Scientific 
Translation Service, Santa Barbara, Calif., Feb. 7, 1973. 
111. Chimenti, R. J., "Heat Pipe Copper Vapor Laser," Semi-Annual Technical Rept. l 
Feb. - 30 Sept·. 1973, Esso Research and Engineering Co. Linden, N. J., 
Government Research Lab .• Oct. 8, 1973. 
112. Depew, C. A., Sauerbrey, W. J., and Benson, B. A., 11 Construction and Testing 
of a Gas-Loaded Passive-Control, Variable-Conductance Heat Pipe," Washington 
Univ., Seattle, Dept. of Mechanical Engineering, April 1973. 
113. Edwards, D. K., Fleischman, G. L., and Marcus, B. D., "User•s Manual for the 
TRW GASPIPE 2 Program: A Vapor-Gas Front Analysis Program for Heat Pipes 
Containing Non-Condensible Gas," TRW Systems Group, Redondo Beach, Calif., 
Oct. 1973. 
114. Feldman, K. T., Jr., and Berger, M. E., "Analysis of a High-Heat-Flux Water 
Heat Pipe Evaporator, 11 New Mexico Univ., Albuquerque Bureau of Engineering 
Research, Sept. 1973. 
115. Fraas, A. P., and Samuels, G., "Isotope Kilowatt Program Quarterly Progress 
Report for Period Ending December 31, 1972," Oak Ridge National Lab., Tenn., 
May 1973. 
358 
Ill I 
- .. 
( 
1973 - Continued 
116. Fraas, A. P., and Samuels, G., "Isotope Kilowatt Program Quarterly Progress 
Report for Period Ending March 31, 1973," Oak Ridge National Lab., Tenn. 
Sept. 1973. 
117. Humphreys, W. I., "Investigation of Gravitational Effects on the Performance 
of a Variable Conductance Heat Pipe," Naval Postgraduate School, Monterey, 
Cal if. , Dec. 1973. 
118. Jacobson, D. L., "An Intercell Heat Pipe for Fuel Cell and Battery Cooling," 
Final Report, June 1972 - July 1973, Arizona State Univ., Tempe Dept. of 
Mechanical Engineering, Dec. }973. 
119. Jones, T. B., and PerryM. P., "Electrohydrodynamic Heat Pipe Research," 
Colorado State Univ., Fort Collins, July 1973. 
120. Kenrne, J. E., Devera~l. J. E., Keddy, E. S., Phillips, J. R., and Ranken, W. A., 
"Performance Tests of Gravity-Assist Heat Pipes with Screen-Wick Structures," 
Los Alamos Scientific Lab., N. Mex., 1973. 
121. Kirkpatrick, J. P., "Variable Conductance Heat Pipes from the Laboratory to 
Space," NASA Ames Research Center, Moffett Field, Calif., July 1973. 
122. Lloyd, D. B., "Test ·of a Combined Heat Pipe -- Thermoelectric Module," Oak 
Ridge National Lab., Tenn., April 1973. 
123. Harcus, B. D., Edwards, D. K., and Anderson, W. T .• "Variable Conductance 
Heat Pipe Technology," TRW Systems Group, Redondo Beach, Cal if., Dec. 1973. 
124. Marshburn, J.P., "Heat Pipe Investigations," NASA/Goddard Space Flight 
Center, Aug. 1973. 
125. Marto, P. J., "An Analytical and ~xperimental Investigation of Rotating, 
Non-Capillary Heat Pipes," Naval Postgraduate School, Monterey, Calif., 
Sept. 1973. 
126. "Design, Fabrication, Testing, and Delivery of Shuttle Heat Pipe Leading Edge 
Test Modules. Volume 1: Executive Surrrnary," (Final ·Report) McDonnell-
Douglas Astronautics Co., St. Louis, Mo., April 20, 1973. 
127. "Design, Fabrication, Testing, and Delivery of Shuttle Heat Pipe Leading Edge 
Test Modules. Volume 2: Technical Report," (Final Report) McDonnell-
Douglas Astronautics Co., St. Louis, Mo., April 20, 1973. 
128. Morris, J. F., "Figure-of-Merit Calculation Methods for Organic Heat Pipe 
Fluids," NASA Lewis Research Center, Nov. 1973. 
129. "Heat Pipe Stability. · 1: A Preliminary Investigation into Thermally Assisted 
Cavitation," NASA/Goddard Space Flight Center, July 1973. 
130. "Heat Pipe Technology. A Bibliography with Abstracts," Annual Supplement. 
New Mexico Univ., Albuquerque. Technology Application Center, 1973. 
131. Raspet, D., "Thermophysica1 and Optical Evaluation of Heat Pipe Cooled Laser 
Mirrors," Air Force Inst. of Tech., Wright-Patterson AFB, Ohio School of 
Engineering, June 1973. 
132. Reiss, F. E., "Application of the Heat Pipe Principle to Avoid the Error Due 
to the Emergent Stem in Liquid-in-Glass Thermometers," Kernforschungszentrum 
Karlsruhe, Federal Republic of Germany, Inst. Fuer Neutronenphysik und 
Reaktortechnik, Dec. 1973. 
359 
1973 - Continued 
1974 
133. Reiss, F. E., "Heat Pipe Wfth an Electrostatic Pump," Kernforschungszentrum 
Karlsruhe, Federal Republic of Germany, Inst. Fuer Neutronenphysik und 
Reaktortechnik, Aug. 1973. 
134. Saaski, E. W., "Heat Pipe Thermal Conditioning Panel," Detailed Tech. Report, 
June 28, 1972 - Aug. 12, 1973, McDonnell-Douglas Astronautics Co., Richland, 
Wash., Sept. 1973. 
135. Schlitt, K. R., "Design and Testing of a Passive, Feedback-Controlled, 
Variable Conductance Heat Pipe," NASA Ames Research Center, Aug. 1973. 
136. Sockol, P. M., "Startup Analysis for a High Temperature Gas Loaded Heat Pipe," 
NASA Lewis Research Center, July 1973. 
137. Swerdling, B., and Alario, J., "Heat Pipe Radiator," Final Report, June 1972 -
Sept. 1973, Grurrman Aerospace Corp., Bethpage, N.Y., Oct. 1973. 
138. Tower, L. K., "Theoretical Analysis of Oxygen Diffusion at Startup in an Alkali 
Metal Heat Pipe with Gettered Alloy Walls," NASA Lewis Research Center, May 1973. 
139. Vidal, C. R., "Spectroscopic Observations of Subsonic and Sonic Vapor Flow 
Inside an Open-Ended Heat Pipe." (Reprint) Final Rept. Sept. 1971 - Apr. 1972, 
National Bureau of Standards, Washington, D. C., 1973. 
140. "Study of the Collector/Heat Pipe Cooled Externally Configured Thermionic Diode," 
Final Report. Westinghouse Electric Corp., Pittsburgh, Pa., March 6, 1973. 
141. Abhat, A., and Hage, M •• "Constant Temperature Heat Pipe," Ffnal Report, 
Stuttgart Univ. (West Germany), Abteilung Energfewandlung, Oct. 1974. 
142. Anderson, W. T., Edwards, D. K., Eninger, J. E., and Marcus, B. D., "Variable 
Conductance Heat Pipe Technology," Final Research Report, March 1974. 
143. Bienert, W. B., "Development of Electrical Feedback Controlled Heat Pipes and 
the Advanced Thermal Control Flight Experiment," Technical Summary Report, 
Dyna therm Corp. , May 1974. 
144. Chimenti, R. J. L., "Heat Pipe Copper Vapor Laser, 11 Final Tech. Report, 
Feb. 1, 1973 - June 30, 1974, Exxon Research and Engineering Co., Linden, 
N.J., Nov. 1974. 
145. Edelstein, F., "Heat Pipe Manufacturing Study," Final Report, Grumman 
Aerospace Corp., Bethpage, N. Y., Aug. 1974. 
146. Eninger, J. E., "Computer Program Grade for Design and Analysis of Graded-
Porosity Heat Pipe Wicks," TRW Systems Group, Redondo Beach, Calif., Aug. 1974. 
147. Lantz, G., Breitwieser, R., and Niederauer, G. F., "Development Concept for a 
Small, Split-Core Heat Pipe Cooled Nuclear Reactor," NASA Lewis Research 
Center, April 1974. · 
148. Nakashima, A. M., and Ki kin, G. M., "A Homogeneous Heat Pipe Design Code," Jet 
Propulsion Lab., Calif. Inst. of Tech., Pasadena, Jan. 15, 1974. 
149. Nelson, L. A., "Development of Heat Pipe Cooled Anode for Xenon Arc Lamp," Final 
Report Jan. 1973 - Jan. 1974,Hughes Aircraft Co., Fullerton, Calif. Ground 
Systems Group, Mar. 1974. 
150. "Heat Pipe Technology. A Bibliography with Abstracts," Quarterly Update, New 
Mexico Univ., Albuquerque, Technology Application Center, 1974. 
360 
111 li 
.- . 
1974 - Continued 
151. Pittinato, G. F., "The Elimination or Control of Material Problems in Water 
Heat Pipes," Semi-Annual Progress Rept., Jan. l - June 30, 1974, McDonnell-
Douglas Astronautics Co., West Huntington Beach, Calif., July 31, 1974. 
152. Pittinato, G. F., "The Elimination or Control of Material Problems in Water 
Heat Pipes," Quarterly Progress Report No. 3, July 1 - Sept. 30, 1974, 
McDonnell-Douglas Astronautics Co., West Huntington Beach, Calif., Nov. 1974. 
153. Quadrini, J., and Kosson, R., "Design, Fabrication, and Testing of a Cryogenic 
Thermal Diode," Interim Research Report, Grumman Aerospace Corp., Beth page, N. Y., 
·Dec. 1974. 
154. Ranken, W. A., "Conceptual Design of a Heat Pipe Methanator, 11 Los Alamos 
Scientific Lab., N. Hex., April 1974. 
155. Richter, R., "Solar Collector Thermal Power System. Volume Ii, Development, 
Fabrication, and Testing of Fifteen Foot Heat Pipes," Final Report, Aug. 16, 
1971 - June 28, 1974, Xerox Corp./Electro-Optical Systems, Pasadena, Calif., 
Nov. 1974. 
156. Richter, R., "Solar Collector Thermal Power System. Volume Iii. Basic Study 
and Experimental Evaluation of Thermal Train Components," Final Report, 
Aug. 16, 1971 - June 28, 1974, Xerox Corp./Electro-Optical Systems, Pasadena, 
Calif., Nov. 1974. 
157. Saaski, E.W., "Investigation of Arterial Gas Occlusions," Final Report, 
May 22, 1973 - Jan. 22, 1974, McDonnell-Douglas Astronautics Co., Richland, 
Wash., March 1974. 
158. Sasin, V. I., and Shelginsky, A. I., "Heat Transfer Intensity in the Condensa-
tion Section of a Heat Pipe," Techtran Corp., Glen Burnie, Md., April 1974. 
159. Schuchardt, J. M., "Heat Pipe Cooled Microwave Window," Final Report, Georgia 
Inst. of Tech., Atlanta, Feb. 1974. 
160. Sellers, J. P., "Steady-State ~nd Transient Operation of a Heat Pipe Radiator 
System," Technical Report, Jan. - Aug. 1974, Tuskegee Inst., Ala. School of 
Mechanical Engineering, Dec. 1974. 
161. Smith, B. L., Bassett, H. L., Schuchardt, J. M., and Colwell, G. T.,. "A 
Microwave Transparent Method of Cooling Microwave Components, with Practical 
Results," Army Advanced Ballistic Missile Defense Agency, Huntsville, Ala., 1974. 
162. Stadelmann, M., "Gas-Fired Heat Pipe Vacuum Furnace," Jan. 17, 1974. 
163. Strimbeck, D. C., Sherren, D. C, and Keddy, E. S., "Process Environment Effects 
on Heat Pipes for Fluid~Bed Gasification of Coal," Los Alamos Scientific 
Lab., N. Mex., 1974. 
164. "Function of Heat Pipes. Progress Report," Stuttgart Univ. (West Germany), 
Inst. fuer Kernenergetik, Oct. 1974. 
165. Trinmer, D. S., "Design, Development and Testing of a Cryogenic Temperature 
Heat Pipe for the Icicle System," Final Report, Oynathenn Corp., Cockeysville, 
Md., May 31, 1974. 
166. Tucker, R. S., "Heat Transfer Characteristics of a Rotating Two-Phase 
Thermosyphon," Naval Postgraduate School, Monterey, Calif., Sept. 1974. 
361 
1975 
167. Bader, E. E., "Heat Pipes as a Method of Heat Recovery," March 6, 1975. 
168. Batts, W. H., Jr., "Investigation of Gravitational Effects on a Variable 
Conductance Heat Pipe Utilizing Liquid Crystal Thermography," Naval Post-
graduate School, Monterey, Calif., Dec. 1975. 
169. Bienert, W. B., and Wolf, 0. A., "Heat Pipes Applied to Flat-Plate Solar 
Collectors," Annual Progress Report, Dynatherm Corp., Cockeysville, Md., 
Jan. 31, 1975. 
170. Brennan, P. J., "Analysis of Fourth Sounding Rocket Heat Pipe Experiment," 
Sunrnary Report, March - June 1974, April 1975. 
171. Brennan, P. J., and Kroliczek, E. J., "Erts-C {Landsat 3) Cryogenic Heat 
Pipe Experiment Definition," Final Report, B & K Engineering, Inc., Towson, 
Md., March 1975. 
172. Carbone, R. J., "Laser Application of Heat Pipe Technology in Energy Related 
Programs," Los Alamos Scientific Lab., N. Mex., 1975. 
173. Oeveral, J.E., Keddy, E. S., Kerrme, J.E., and Phillips, J. R., "Gravity 
Assist Heat Pipes for Thermal Control Systems," Los Alamos Scientific lab., 
N. Mex., June 1975. 
174. Edelstein, F., "Deployable Heat Pipe Radiator," Final Report, Grurrman Aerospace 
Corp., Bethpage, N. Y., April 1975. 
175. Edelstein, F., "large Variable Conductance Heat Pipe. Transverse Header," 
Final Report, Grumnan Aircraft Engineering Corp., Bethpage, N.Y., 1975. 
176. Eninger, J. E., Fleischman, G. l., and Luedke, E. E., "Vapor-Modulated Heat 
Pipe Report. Flight Data Analysis and Further Development of Variable-
Conductance Heat Pipes," TRW Systems Group, Redondo Beach, Calif., Materials 
Technology Dept., June 30, 1975. 
177. Ferrara, A. A., and Haslett, R., "Prevention of Preferential Bridge Icing Using 
Heat Pipes," Interim Report, July 1974 - July 1975, Grurrman Aerospace Corp., 
Bethpage, N.Y., July 1975. 
178. Groll, M., Pittman, R. 8., and Eninger, J. E., "Parametric Performance of 
Circumferentially Grooved Heat Pipes with Homogeneous and Graded-Porosity 
Slab Wicks at Cryogenic Temperatures," NASA Ames Research Center, Moffett Field, 
Calif., Dec. 1975. 
179. Hermann, E., Koch, H., Kreeb, H., and Perdu, M., "Handbook of Grooved Heat 
Pipes," Final Report, Dornier-System G. M. B. H., Friedrichshafen (Germany, 
F. R.), Sept. 2, 1975 .. 
180. Hufschmitt, T. W., Burck, E., Dicola, G., and Hoffman, H., "The Shearing Effect 
of Vapor Flow on Laminar liquid Flow in Capillaries of Heat Pipes," Kanner (Leo) 
Associates, Redwood City, Calif., Oct. 1975. 
181. Kerrme, J. E., Deverall, J. E .• Keddy, E. S., Phillips, J. R .• and Ranken, W. A., 
"Temperature Control with High Performance Gravity-Assist Heat Pipes,11 Los 
Alamos Scientific Lab., N. Mex., 1975. 
182. Kraft, G. A., "Preliminary Evaluation of a Heat Pipe Heat Exchanger on a 
Regenerative Turbofan," NASA Lewis Research Center, Cleaveland, Ohio, Dec. 1975. 
362 
Ill .. 
1975 - Continued 
183. Kreeb, H., "Design and Development of a Gas Controlled Heat Pipe Radiator for 
Cormiunication Spacecraft Applications," Phase l Report, Nov. 1974 - May 1975, 
Dornier-System G.M.B.H., Friedrichshafen (West Germany), May 1975. 
184. Loehrke, R. I., and Sebits, D. R., "Flat Plate Electrohydrodynamic Heat Pipe 
Experiments," Colorado State Univ., Fort Coll ins Dept. of Mechanical Engineering, 
July 1975. 
185, "Heat Pipes," Final Report, Midwest Research Inst., Kansas City, Mo., Jan. 1975. 
186. Naydan, T. P., "Investigation of a Variable Conductance Heat Pipe," Naval 
Postgraduate School, Monterey, Calif., March 1975. 
187. "Heat Pipe Technology. A Bibliography with Abstracts," Quarterly Update, 
March 31, 1975, New Mexico Univ., Albuquerque, Technology Application Center, 
1975. 
188. "Heat Pipe Technology. A Bibliography with Abstracts," Quarterly Update, 
Sept. 30, 1975, New Mexico Univ., Albuquerque, Technology Application Center, 
1975. 
189. Pittinato, G. F., "The Elimination or Control of Material Problems in Water 
Heat Pipes," Semi-Annual Progress Report, Jan. l - June 30, 1975, McDonnell-
Douglas Astronautics Co., West Huntington Beach, Calif., National Science 
Foundation, Washington, D. C., Div. of Advanced Energy Research and 
Technology, July 1975. 
190. Pittinato, G. F., "The Elimination or Control of Material Problems in Water 
Heat .Pipes," Quarterly Progress Report, July 1 - Sept. 30, 1975, McDonnell-
Douglas Astronautics Co., West Huntington Beach, Calif., National Science 
Foundation, Washington, D. C., Research Applied to National Needs, 
Oct. 31, 1975. 
191. "Spacecraft Thermal Control Design Data, Volume 2," Polytechnical Univ. of 
Madrid (Spain). School of Aeronautics, May 1975. 
192. 
193. 
194. 
195. 
196. 
197. 
198. 
199. 
Potapov, Yu. F., "Determination of the Permissible Heat Flows in Heat Tubes 
with Capillary System in the Form of Longitudinal Rectangular Channe1s, 11 
Foreign Technology Div. Wright-Patterson AFB, Ohio, Jan. 15, 1975. 
Reed, W. E., "Heat Pipes," Volume 1, 1964-1972 (A Bibliography with Abstracts), 
National Technical Information Service, Springfield, Va., Feb. 1975. 
Reed, W. E., "Heat Pipes," Volume 2, Rept. for 1973 - Dec. 1974, (A Biblio-
graphy with Abstracts), National Technical Information Service, Springfield, 
Va., Feb. 1975. 
"Solar Electric Propulsion System ThermaJ Analysis," Final Report, Dec. 27, 
1973 - Feb. 1975, Rockwell International Corp .• Downey, Calif., Space Div.,. 
Feb. 28, 1975. 
Saaski, E. W., "Investigation of an Inverted Meniscus Heat Pipe Wick Concept," 
Sigma Research. Inc., Richland, Wash., Aug. 1975. 
Sakurai, K., and Broida, H. P., "Chemica1ly Reacting Bismuth and Nitrous 
Oxide in a Heat Pipe Oven, 11 California Univ., Santa Barbara, Dept. of Physics, 
Sept. 29, 1975 • 
. . 
Suelau, H. J., "Examination of Earth Heat Pipes at Fairbanks Highway Research 
Station," Final Report, Jan.• July 1975, B & K Engineering, Inc., Towson, Md., 
July 1975. 
"Low Cost High Performance Generator Technology Program, Volume 5, Heat Pipe 
Topical, Appendices," Teledyne Energy Systems, Timonium, Md., Energy Research 
and Development Administration, July 1975. 
363 
1976 
200. "2nd International Heat Pipe Conference Proceedings, March 31 - April 2, 1976," 
European Space Agency, Volumes 1 and 2. 
201. Bienert, W. B., and Wolf, D. A., "Heat Pipe Central Solar Receiver," Semi-Annual 
Progress Report, March l - Aug. 31, 1976~ Dynatherm Corp., Cockeysville, Md., 
Energy Research and Development Administration, Nov. 1976. 
202. Bienert, U. B., and Wolf, D. A., "Heat Pipe Applied to Flat-Plate Solar 
Collectors," Final Report, Dynatherm Corp., Cockeysville, Md., Energy Research 
and Development Administration, May 1976. 
203. "Design and Analysis of a Cryogenic Variable Conductance Axial Grooved Heat Pipe," 
B & K Engineering, Inc., Towson, Md., March 1976. 
204. ·s1aser, P., Hauser, G., and Strittmatter, R., "Development and Qualification of 
PCM Thermal Capacitors. Part II. Development of PCM Thermal Capacitor Platforms 
and PCM -Thermal Capacitor Radiators," Dornier-System G.M.B.H., Friedrichshafen 
(West Germany), 0ec. 1976. 
205. Chi, S. W., "Heat Pipe Theory and Practice," McGraw-Hill Publishing Co., New York, 
1.976. 
206. Colwell, G. T., "Prediction of Cryogenic Heat Pipe Performance," Annual Report, 
1975, Georgia Inst. of Tech., Atlanta, School of Mechanical Engineering, 
Feb. 1, 1976. 
207. Corley, R. D., "Heat Transfer Analysis of a Rotating Heat Pipe Containing 
. Internal, Axial Fins," Master Thesis, Naval Postgraduate School, Monterey, 
Calif., June 1976. 
208. Depau, J. F., Reader, K. E., and Staskus, J. V., "Test Program for Transmitter 
Experiment Package and Heat Pipe System for Corrrnunications Technology Satellite," 
NASA Lewis Research Center, Nov. 1976. 
209. Deverall, J. E., and Keddy, E. S., "Helical Wick Structures for Gravity-Assist 
Heat Pipes," Los Alamos Scientific Lab., N. Mex., 1976. 
210. Dunn, P., Reay, D. A., "Heat Pipes," University of Reading, England and Interna-
tional Research and Development Co., Ltd., Newcastle-Upon-Tyne, England, 1976. 
211. Eninger, J.E., and Edwards, 0. K., "Computer Program Grade 2 for the Design 
and Analysis of Heat Pipe Wicks, 11 TRW Defense and Space Systems Group, 
Redondo Beach, Calif., Nov. 1976. 
212. Enginer, J. E., Luedke, E. E., and Wanous, D. J., "Flight Data Analysis and 
Further Development of Variable Conductance Heat Pipes for Aircraft Control," 
TRW Systems Group, Redondo Beach, Calif., Feb. 1976. 
213. Eninger, J. E., Edwards, 0. K., and Luedke, E. E., "Flight Data Analysis and 
Further Development of Var-fable Conductance Heat Pipes," TRW Systems Group, 
Redondo Beach, Calif., Nov. 1976. 
214. Eninger, J. E., Fleischman, G. L., and Luedke, E. E., "Heat Pipe Materials 
Compatibility," ~inal Report), TRW Systems Group, Redondo Beach, Cal if., · 
Jan. 1976. 
215. Feldman, K. T.-, "Investigation of Performance Limits in Axial Groove Heat Pipes," 
(Final Report) New Mexico Univ., Albuquerque, Dept. of Mechanical Engineering, 
July 1976. 
216. Ferrara, A. A., and Yenetchi, G., "Prevention of Preferential Bridge Icing 
Using Heat Pipes," (Final Report Aug. 1975 - Sept. 1976) Grumman Aerospace 
Corp., Bethpage, N.Y., Sept. 1976. 
364 
" Ill I ' 
- ' 
1976 - Continued 
217. Fivel, H. J., and Lang, G. P., "Graphite Curtain Vacuum Outgassing and Heat 
Transfer," (Quarterly Progress Report No. 3, July l, 1976 - Sept. 30, 1976), 
McDonnell-Douglas Astronautics Co., St. Louis, Mo., Energy Research and 
Development Administration, 1976. 
218. Galzin, F., "Faust Program Heat Pipe Experiment: General Surrrnary of Flight 
Results Experience," Centre National d'Etudes Spatiales, Toulouse (France), 
Oct. 1976. 
219. "Analysis and Tests of NASA Coverted Groove Heat Pipe," (Final Report}, 
~rurm,an Aerospace Corp., Bethpage, N. Y., Dec. 1976. 
220. Hage, M., "IKEPIPE - A ProgralTllle for the Calculation of Heat Pipes," Stuttgart 
Univ. (West Germany), Inst. fuer Kernenergetik, July 1976. 
221. Haller, F. B •• Hessel, M. M., Neef, W., Lai, W., and Lohr, H., "Concentric Heat 
Pipe Cavity for E-Beam Excited Lasers," California Univ., Livermore, Lawrence 
Livennore Lab., 1976. · 
222. Harwell, w., and Canaras, T., "Transient Thermal Response of a Thermal Control 
Canister," NASS-22570, Grunman Aerospace Corporation, Bethpage, N. Y ., 1976. 
223. Hermann. E. , Koch. H. • Kreeb, H. , and Perdu, M. , "Handbook of Grooved Heat 
Pipes," {Final Report), Dornier-System G.H.B.H., Friedrichshafen (West Germany), 
Dec. 1976. 
224. Jen, H. F., and Kroliczek, E. J., "User's Manual for Groove Analysis Program 
(GAP)," BK012-1007, B & K Engineering, Inc., June 1976. 
225. Kenme, J. E., "Vapor Flow Considerations in Conventional and Gravity-Assist 
Heat Pipes," Los Alamos Scientific Lab., N. Mex., 1976. 
r 
1 226. Kirkpatrick, J. P., and Groll, M., "Heat Pipes for Spacecraft Temperature Control: 
An Assessment of the State-of-the-Art, 11 NASA Ames Research Center, Moffett 
Field, Cal if., Jan. 1976. 
227 .- _ Koenig, D. R,, "Heat Pipe Nuclear Reactor for Space Power," Los Alamos Scientific 
'Lab. 1 N. Mex., 1976. 
228. Kroliczek, E. J., "Heat Pipe Heat Rejection System for Electrical Batteries.'' 
(Final Report), Dyantherm Corp., Cockeysville, Md. 1976. 
229. Molt, W., "Calculation of the Major Material Parameters of Heat Carriers for 
Cryogenic Heat Pipes," Stuttgart Univ. (TH) (Germany, F. R.), Inst. fuer 
Kernenergetik, July 1976. 
230. Molt, W., "Studies on Capillary Structures with Regard to Their Use in Cryogenic 
Heat Pipes," Stuttgart Univ. (TH) (Germany, F.R.), Inst. fuer Kernenergetik, 
July 1976. 
231. Muenzel, w. D., 0 Performance Evaluation of the ESA Heat Pipes Included in the 
International Heat Pipe Experiment (IHPE), 11 (Final Report), June 1976. 
232. "Heat Pipe Technology. A Bibliography with Abstracts, 11 New Mexico Univ., 
Albuquerque, Technology Application Center, 1976. 
233. Ranken, W. A., "Ceramic Heat Pipe Heat Exchangers.'' Los Alamos Scientific Lab., 
N. Mex., Sept. 1976. 
234. Ranken, W. A., 11 Potential of the Heat Pipe in Coal Gasification Processes," Los 
Alamos Scientific Lab., N. Mex., 1976. 
365 
1976 - Continued 
1977 
235. Reed, W. E., "Heat Pipes," Volume 1, 1970 - 1973 (Citations from Engineering 
Index), National Technical Information Service, Springfield, Va., March 1976. 
236. Reed, W. E., "Heat Pipes," Volume 2, Feb. 1974 - 1976 (Citations from Engineering 
Index), National Technical Information Service, Springfield, Va., March 1976. 
237. Reed, W. E., "Heat Pipes," Volume l, 1964 - 1972 (Citations from the NTIS Data 
Base), National Technical Information Service, Springfield, Va., March 1976. 
238. Reed, W. E., "Heat Pipes," Volume 2, Feb. 1973 - 1976 (Citations from the NTIS 
.Data Base), National Technical Information Service, Springfield, Va., March 1976. 
239. "Flexible Cryogenic Heat Pipe Development," (Final Report) Rockwell International 
Corp., Downey, Calif., Space Div., July 1976. 
240. Saaski, E. W., and Hanson, R. J., "An Investigation of Condensation Heat 
Transfer in a Closed Tube Containing a Soluble Non-Condensible Gas," Washington 
State Univ., Pullman Dept. of Computer Science, 1976. 
241. Saaski, E.W., "Heat Pipe Temperature Control Utilizing a Soluble Gas Absorption 
Reservoir," Sigma Research, Inc., Richland, Wash., Feb. 1976. 
242. Sellers, J. P., "Heat Pipe Radiators for Space," (Annual Report), Tuskegee Inst., 
Ala. School of Mechanical Engineering, Jan. 1976. 
243. Wagenseil, L. L., "Heat Transfer Performance of Various Rotating Heat Pipes," 
Naval Postgraduate School, Monterey, Calif., Dec. 1976. 
244. Wright, J. P., and Wilson, D. E .• , "Development of Thermal Control Methods for 
Specialized Components an~ Scientific Instruments at Very Low Temperatures," 
(Final Report, March 31 - Nov. 1976), Rockwell Int'l. Corp., Canoga Park, Calif., 
Space Div., Nov. 1976. 
245. Arcella, F. C., "The Heat Pipe Heat Bri.dge and Thermal Controller," AIAA 12th 
Thermophysics Conference, Albuquerque, N. Mex., June 27-29, 1977. 
246. Beam, J.E., and Mahefkey, T., "Demonstration Testing of a Vui11eumier Cryocooler 
with an Integral Heat Pipe/Thermal Energy Storage Unit," (Final Report Sept. -
Dec. 1976) Air Force Aero Propulsion Lab, Wright~Patterson AFB, Ohio, June 1977. 
247. Bienert, W. 8., Ducao, A. S. and Trimmer, D. C., "Development of a Jet Pump-
Assisted Arterial .Heat Pipe," (Final Report) Dynathenn Corp., Cockeysville, Md., 
May 6, 1977. 
248. Brennan, P. J., Krol iczek, E. J., Jen, H., anci McIntosh, R., "Axially Grooved 
Heat Pipes - 1976," AIAA 12th Thennophysics Conf., Albuquerque, N. Mex., 
June 27-29, 1977, 
249. Camarda, C. J., 11 Analysis and Radiant Heatir.g Tests of a Heat Pipe Cooled Leading 
Edge," NASA Langley Research Center, Langley Station, Va., Aug. 1977. 
250. Oeverall, J. E., "Gas-Interface Studies in Large Horizontal Heat Pipes," Los 
Alamos Scientific Lab., N. Mex., Jan. 1977. 
251. "Design and Development of a Heat Pipe Diode," (Final Report) Institut Fuer 
Kernenergetik, Univ. of Stuttgart (West Germany} July 1977. 
252. Jacobson, D. L., "Material Selection Considerations for Fluoride Thermal Energy 
Storage Containment in a Sodium Heat Pipe Environment," (Final Report June 1 -
Aug. 1976) Purdue Univ., Lafayette, Ind., Ma;· 1977. 
366 
111 11 
, 
.. 
" 
1977 - Continued 
/ 
/ 
253. Jen, H., and Krol iczek, E. J., 11 Sunvnary Report for Axially Grooved Heat Pipe 
Study," NASS-22562,_B & K Engineering, Inc., July 1977. 
254. Kelleher, M. D., "Effects of Gravity on Gas-Loaded Variable Conductance Heat 
Pipes," (Final Report for FY 75-76) Naval Postgraduate School, Monterey, Calif., 
March 25, 1977. 
255. Koenig, D. R., Ranken, W. A., and Salmi, E. W., "Heat Pipe Reactors for Space 
Power Applications," Los Alamos Scientific Lab., N. Mex., 1977. 
256. ·Kreeb, H., "Design and Development of a Gas Controlled Heat Pipe Radiator for 
Co11111unication Spacecraft Applications, Phase 2, 11 Dornier-System, G.M.B.H •• 
Friedrichshafen (West Gennany), Feb. 1977. 
257. · Kroliczek, E. J., Yuan, S. W. and Bloom, A. M., "Application of Heat Pipes to 
Ground Storage of Solar Energy," AIAA 12th Thermophysics Conf., Albuquerque, 
N. Mex., July 27-29., 1977. 
258. Lehtinen, A. M., "Controllability Analysis for Passively and Actively Controlled 
Heat Pipes," AIAA 12th Thermophysics Conf., Albuquerque, N. Mex., June 27-29, 1977 •. 
259. Loehrke, R. I., "An Investigation of Electrohydrodynamic Heat Pipes," (Final 
Report), Colorado State Univ., Fort Collins Dept. of Mechanical Engineering, 
March 1977. 
260. ''Thermal Control of Power Supplies with Electronic Packaging Techniques Using 
Low Cost Heat Pipes," (Final Report) Martin Marietta Corp .• Denver, Colo., 
Feb. 1977. 
261. McKee, H. B. and Steele, W. H., "A Precise Satellite Thermal Control System 
Using Cascaded Heat Pipes," AIAA 12th Thermophysics Conf., Albuquerque, N. Mex., 
June 27-29, 1977. 
262. "Heat Pipe Technology. A Bibliography with Abstracts," (Quarterly Reports) New 
Mexico Univ., Albuquerque, Technology Applicatfon Center, NASA, Washington, D. C. 
1977. 
263. Owendoff, R. S., "Gravitational Effects on the Operation of a Variable Conductance 
Heat Pipe, 11 Naval Postgraduate School, Monterey, Calif., March 1977. 
264. Reed, W. E., "Heat Pipes," Volume 2, Feb. 1973 - 1976 (Citations from the 
NTIS Data Base), National Technical Information Service, Springfield, Va., May 1977. 
2_65. Reed, W. E., "Heat Pipes.'' Volume 2, March 1974 - 1977 (Citations from the 
Engineering Index Data Base) National Technical Information Service, Springfield, 
Va. , May 1977. 
266. Reed, W. E., "Heat Pipes·, .. Volume 3, March 1976 - 1977 (Citations from the NTIS 
Data Base) National Technical Information Service, Springfield, Va., May 1977. 
267. Richter, R., "Thermal Energy Storage Demonstration Unit for Vuilleumier 
Cryogenic Cooler, 11 (Interium Report June 2, 1975 - Aug. 31, 1976) Xerox Corp./ 
Electro-Optical Systems, Pasadena, Calif., Feb. 1977. 
268. Roberts, C. C., "A Zero-G Variable Conductance Heat Pipe Using Bubble Pump 
Injection," AIAA 12th Thermophysics Conf., Albuquerque, N. Mex., June 27-29, 1977. 
269. Saaski, E. w., and Hamasaki, R. H., "Study of a High Perfonnance Evaporative Heat 
Transfer Surface, 11 *SIGMA Research, Inc., Richland, Wash., May 27, 1977, *NAS2-9120. 
270. Tantrakul, C., "Condensation Heat Transfer Inside Rotating Heat Pipes," Naval 
Postgraduate School, Monterey, Calif., June 1977. 
367 
/ 
--
1977 
-:· :,- .. 
' - . 
Continued 
271. Tower, L. K., and Kaufman, W. 8. ,· "Accelerated Life Tests of Specimen Heat 
Pipe from Convnunication Technology Satellite (CTS) Project," NASA Lewis 
Research Center, Dec. 1977. · 
l ,, 
272. "Study of an Sln-Test Platform for Thermal Components (Heat Pipes and Latent 
Heat Accumulators)," Transemantics, Inc., Wash., D. C.,- March 1977. 
·, 
273. Vasilyev, L. L., and Konev, S. V., "Heat Transmitting Tuoes," Foreign 
. Technoloc»' ~iv., Wright-Patterson AGB, Ohio, March 17, 1977. 
274. Wayner, P. C., Jr~, "The Effect of the Liqu1d~Sol4f~'System Properties on the 
·rnterljne ~eat· transfer ·c(!efficient,." Rensselaer· ~olytechnic Inst., Aug. 1977. 
275 . 
276. 
Wil1iams,.R. J'.~ "Parametric P.erformanc~ of a Spiral\Af-,tery, Liquid-Trap-Diode 
. Heat. Pipie," NASA .AJnes .. Research ·center, Oct. l977. · · 
·... .. ~ -- - .. . -:;_ ' .: ·- ··'. • ·. ~ ;. . . ·i:j - - ·.; : - . 
· Wright, J. P ... ,. "Fle~i~le Cryogenic Heat Pipe Development Program,'1 NAS2-8830, 
Rock~ell Int 1l., Space Division, Oowffey, Cali'f •• July 19]7., 
',. 
- ... •.' 
' ' 
' ·~ 
t:":", ~ • • '. 
' . ~-.' 
. . .. -~ -· 
' ...... 
' , . 
277. 
. .. , : ·',- .... -- -. 
"3rd In.tern~tional Heat Pipe Conf~rence Proceedings, May 22-24, 1978," American 
Institute of Aeronautics and Astronautics. 
'\~ ! !" 
t,c f • • - •.., :. 
;. 
.. ' 
·- . 
' -" 
,_ 
' . l. 
_:·:, 
,:-· 
. :.,; 
, .. 
. ~•· .. 
<~' -
. _.,:- -
;., .·,:, 
, ... ' ;,. ·' 
\ ;- -
• 
• f ~-· 
·' .. ~. 
:. ~.: ;. ::.. ; 
., ? : . ~- ~f ~ • .• 
. ~ : . . 1·~. _, 
368 
Ill I 1· 
• 
·- ., 
l' 
.. 
